





































































, FRXOGQRWEHOLHYH WKDW , KDYH WKHFKDQFH WRGRP\ VHFRQG3K' LQ*HUPDQ\ \HW VLQFH WKH
3K' GHJUHH IURP *HUPDQ\ LV P\ GUHDP DQG YHU\ LPSRUWDQW IRU PH , DP JUDWHIXO WR 3URI
5DEF]XNDQGWKHDFDGHPLFFRPPLWWHHRI%DXKDXV8QLYHUVLW\:HLPDUZKRERWKVXSSRUWPHWRGR















6FLHQFH DQG7HFKQRORJ\ 17181RUZD\+H LQYLWHGPH WR1718 VWXG\ SRO\PHUV LQ 
ZKHQ , ILQLVKHGP\ILUVW3K' , OHDUQHGD ORWRINQRZOHGJHDW1718LQ WZRDQGKDOI\HDUV ,
ZRXOG OLNH WR WKDQN'U6KLMR1DJDR'U-LDQ\DQJ:X'U-LDQ\LQJ+H'U;LDRER5HQ'U
-XQ\DQ/LXDW1718IRUWKHLUGLIIHUHQWKHOS
,ZRXOGDOVROLNHWRWKDQN'U-LQ:X-LDQJLQRXUJURXS,DOZD\VOHDUQVRPHNQRZOHGJHIURP































7KLV WKHVLV FRQFHUQV WKH SK\VLFDO DQG PHFKDQLFDO LQWHUDFWLRQV RQ FDUERQ QDQRWXEHV DQG
SRO\PHUVE\PXOWLVFDOHPRGHOLQJ
&17V KDYH DWWUDFWHG FRQVLGHUDEOH LQWHUHVWV LQ YLHZ RI WKHLU XQLTXH PHFKDQLFDO HOHFWURQLF
WKHUPDORSWLFDODQGVWUXFWXUDOSURSHUWLHVZKLFKHQDEOHWKHPWRKDYHPDQ\SRWHQWLDODSSOLFDWLRQV
&DUERQ QDQRWXEH H[LVWV LQ VHYHUDO VWUXFWXUH IRUPV IURP LQGLYLGXDO VLQJOHZDOOHG FDUERQ
QDQRWXEHV 6:&17V DQG PXOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V WR FDUERQ QDQRWXEH
EXQGOHV DQG QHWZRUNV 7KH PHFKDQLFDO SURSHUWLHV RI 6:&17V DQG 0:&17V KDYH EHHQ
H[WHQVLYHO\ VWXGLHG E\ FRQWLQXXPPRGHOLQJ DQGPROHFXODU G\QDPLFV 0' VLPXODWLRQV LQ WKH
SDVWGHFDGHVLQFHWKHSURSHUWLHVFRXOGEHLPSRUWDQWLQWKH&17EDVHGGHYLFHV&17EXQGOHVDQG
QHWZRUNV IHDWXUH RXWVWDQGLQJPHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO VWUXFWXUHV DQG QHWZRUN
WRSRORJLHV ZKLFK KDYH EHHQ WDNHQ DV D SRWHQWLDO VDYLQJHQHUJ\ PDWHULDO ,Q WKH V\QWKHVLV RI
QDQRFRPSRVLWHV WKH IRUPDWLRQ RI WKH&17 EXQGOHV DQG QHWZRUNV LV D FKDOOHQJH WR UHPDLQ LQ
XQGHUVWDQGLQJ KRZ WRPHDVXUH DQG SUHGLFW WKH SURSHUWLHV RI VXFK ODUJH V\VWHPV 7KHUHIRUH D
PHVRVFDOH PHWKRG VXFK DV D FRDUVHJUDLQHG &* PHWKRG VKRXOG EH GHYHORSHG WR VWXG\ WKH
QDQRPHFKDQLFDOFKDUDFWHUL]DWLRQRI&17EXQGOHVDQGQHWZRUNVIRUPDWLRQ
,QWKLV WKHVLV WKHPDLQFRQWULEXWLRQVFDQEHZULWWHQDVIROORZV([SOLFLWVROXWLRQVIRU WKH
FRKHVLYH HQHUJ\ EHWZHHQ FDUERQ QDQRWXEHV JUDSKHQH DQG VXEVWUDWHV DUH REWDLQHG WKURXJK




&U\VWDOOLQH DQG DPRUSKRXV SRO\PHUV DUH LQFUHDVLQJO\ XVHG LQPRGHUQ LQGXVWU\ DV VWUXFWXUDO
PDWHULDOVGXH WR LWV LPSRUWDQWPHFKDQLFDODQGSK\VLFDOSURSHUWLHV)RUFU\VWDOOLQHSRO\HWK\OHQH
3(GHVSLWHLWVLPSRUWDQFHDQGWKHVWXGLHVRIDYDLODEOH0'VLPXODWLRQVDQGFRQWLQXXPPRGHOV
WKH OLQNEHWZHHQPROHFXODUDQGFRQWLQXXPGHVFULSWLRQVRI LWVPHFKDQLFDOSURSHUWLHV LVVWLOOQRW




0'VLPXODWLRQV LQ RXU SUHYLRXVZRUN+RZHYHU WKH HIIHFW RI WKH&/ DQG WHPSHUDWXUH RQ WKH
IDLOXUHEHKDYLRULVQRWXQGHUVWRRGZHOO\HW(VSHFLDOO\WKHIDLOXUHEHKDYLRUXQGHUVKHDUKDVEHHQ
VFDUFHO\ UHSRUWHG LQ SUHYLRXV ZRUN 7KHUHIRUH XQGHUVWDQGLQJ WKH PROHFXODU RULJLQV RI
PDFURVFRSLFIUDFWXUHEHKDYLRUVXFKDVIUDFWXUHHQHUJ\LVDIXQGDPHQWDOVFLHQWLILFFKDOOHQJH
,Q WKLV WKHVLV WKHPDLQ FRQWULEXWLRQV FDQEHZULWWHQ DV IROORZV $QDQDO\WLFDOPROHFXODU
PHFKDQLFVPRGHO LVGHYHORSHGWRREWDLQWKHVL]HGHSHQGHQWHODVWLFSURSHUWLHVRIFU\VWDOOLQH3(
:H VKRZ WKDW WKH WZRPROHFXODUPHFKDQLFVPRGHOV WKH VWLFNVSLUDO DQG WKHEHDPPRGHOV
SUHGLFWFRQVLGHUDEO\GLIIHUHQWPHFKDQLFDOSURSHUWLHVRIPDWHULDOVEDVHGRQHQHUJ\HTXLYDOHQFH
7KHGLIIHUHQFHEHWZHHQWKHWZRPRGHOVLVLQGHSHQGHQWRIWKHPDWHULDOV7KHWHQVLOHDQGVKHDU



















'LH YRUOLHJHQGH 'RNWRUDUEHLW EHVFKlIWLJW VLFK PLW GHQ SK\VLNDOLVFKHQ XQG PHFKDQLVFKHQ
=XVDPPHQKlQJHQYRQ.RKOHQVWRIIQDQRU|KUHQ&17 FDUERQQDQRWXEHXQG3RO\PHUHQPLWWHOV
0XOWLVNDOHQPRGHOOLHUXQJ &17V KDEHQ GXUFK LKUH HLQ]LJDUWLJHQ PHFKDQLVFKHQ HOHNWULVFKHQ
WKHUPLVFKHQ RSWLVFKHQ (LJHQVFKDIWHQ HUKHEOLFKHV ,QWHUHVVH DXI VLFK JH]RJHQ ,KUH EHVRQGHUHQ
(LJHQVFKDIWHQHUP|JOLFKHQYLHOHSRWHQWLHOOH(LQVDW]JHELHWH
&17 NRPPWLQ YLHOHQ VWUXNWXUHOOHQ9DULDWLRQHQ YRU YRQ GHU HLQZDQGLJHQ &17 6:&17  
VLQJOHZDOOHG FDUERQ QDQRWXEH EHU GLHPHKUZDQGLJH&17 0:&17 PXOWLZDOOHG FDUERQ
QDQRWXEH ELV ]XU &17EQGHOQ XQG QHW]ZHUNHQ 'LH PHFKDQLVFKHQ (LJHQVFKDIWHQ YRQ
6:&17V XQG 0:&17V ZXUGHQ EHUHLWV LP OHW]WHQ -DKU]HKQW ZHLWJHKHQG GXUFK
.RQWLQXXPVPRGHOOH XQG 0ROHNXHOG\QDPLN 0' 6LPXODWLRQ XQWHUVXFKW &17%QGHO XQG 
QHW]ZHUNH ZHLVHQ KHUYRUUDJHQGH PHFKDQLVFKH /HLVWXQJHQ KLHUDUFKLVFKH 6WUXNWXUHQ XQG
1HW]ZHUNWRSRORJLHQ DXI 'LHVH 6WUXNWXUHQ N|QQWHQ DOV SRWHQWLHOOH HQHUJLHVSDUHQGH0DWHULDOHQ
HLQJHVHW]W
%HL GHU 'DUVWHOOXQJ YRQ 1DQRYHUEXQGHQ EOHLEW GLH $QRUGQXQJ YRQ &17%QGHOQ XQG 
QHW]ZHUNHQHLQH+HUDXVIRUGHUXQJ'LHVHLVWDEHUZLFKWLJXP]XYHUVWHKHQZLHGLH(LJHQVFKDIWHQ
HLQHV VROFK JURHQ 6\VWHPV JHPHVVHQ XQG YRUKHUJHVDJW ZHUGHQ N|QQHQ 'DKHU LVW HLQH











.ULVWDOOLQH XQG DPRUSKH 3RO\PHUH ZHUGHQ ZHJHQ LKUHU ZLFKWLJHQ PHFKDQLVFKHQ XQG
SK\VLVFKHQ(LJHQVFKDIWHQ]XQHKPHQGLQPRGHUQHU,QGXVWULHDOV%DXPDWHULDOHLQJHVHW]W
)U NULVWDOOLQH 3RO\HWK\OHQH 3( LVW WURW] LKUHU JURHQ %HGHXWXQJ XQG QXPHULVFKHU
0RGHOOLHUXQJ XQG 6LPXODWLRQHQ GLH 9HUELQGXQJ ]ZLVFKHQ PROHNXODUHU XQG NRQWLQXLHUOLFKHU





QLFKW QDFKYROO]RJHQZDUGHQ LQVEHVRQGHUH XQWHU 6FKXEVSDQQXQJ'DKHU LVW GDV9HUVWlQGLV GHV
PROHNXODUHQ 8UVSUXQJV YRQ PDNURVNRSLVFKHP %UXFKYHUKDOWHQ ZLH %UXFKHQHUJLH HLQH
IXQGDPHQWDOHZLVVHQVFKDIWOLFKH+HUDXVIRUGHUXQJ
,QGLHVHU7KHVLVVROOGHU+DXSWEHLWUDJDXVIROJHQGHQ3XQNWHVEHVWHKHQ
 (LQ DQDO\WLVFKHV PROHNXODUPHFKDQLVFKHV 0RGHOO VROO HQWZLFNHOW ZHUGHQ XP GLH
JU|HQDEKlQJLJHQHODVWLVFKHQ(LJHQVFKDIWHQYRQNULVWDOOLQHP3RO\HWK\OHQ]XEHVWLPPHQ
(VZLUG JHJHLJW GDVV GLH ]ZHLPROHNXODUPHFKDQLVFKHQ0RGHOOH GDV ³VWLFNVSLUDOPRGHO´




XQG GHU 7HPSHUDWXU YRQ DPRUSKHQ 3RO\PHUHQ LVW ZHUGHQ  GXUFK 0'6LPXODWLRQ HLQJHKHQG
JHSUIW
/HW]WHQGOLFK ZLUG GHU (LQIOXVV YRQ 3RO\PHUHQ HLQJHZLFNHOW LQ GLH 6WUHXXQJ ]ZHLHU
EHQDFKEDUWH6:17V LQ LKUHU/DVWYHUODJHUXQJGXUFK0'6LPXODWLRQ DQDO\VLHUW LQZHOFKHU GLH














&RKHVLYH HQHUJ\ IRU &17JUDSKHQH DQG&17PDWUL[««««««««««««««
&RKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHOOLQHVDQGWZRFURVVLQJOLQHV«««««««««
 7ZR LQILQLWH SDUDOOHO JUDSKHQH VKHHWV««««««««««««««««««««






























0LQLPXP FRKHVLYH HQHUJ\ DQG HTXLOLEULXP GLVWDQFH EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ
6:&17V««««««««««««««««««««««««««««««««««
7KHHTXLOLEULXPERQG OHQJWK U EHWZHHQ WZR&*EHDGV««««««««««««
7KHDGYDQWDJHVDQGOLPLWDWLRQVRI WKHSUHVHQW&*PRGHOV««««««««««««
 &RQFOXGLQJ UHPDUNV««««««««««««««««««««««««««««
 %LQGLQJ HQHUJ\ DQG PHFKDQLFDO VWDELOLW\ RI WZR SDUDOOHO DQG WZR FURVVLQJ FDUERQ






 6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI FU\VWDOOLQH SRO\PHUV YLD D PROHFXODU PHFKDQLFV
PRGHO
 ,QWURGXFWLRQ««««««««««««««««««««««««««««««
 5HVXOWV DQG GLVFXVVLRQ««««««««««««««««««««««««««
&RQFOXGLQJ UHPDUNV«««««««««««««««««««««««««««




 7KH FRPSDULVRQ EHWZHHQ VWLFNVSLUDO DQG EHDPPRGHOV XQGHU WKH FRXSOLQJ IRUFH DQG
PRPHQW««««««««««««««««««««««««««««««««««
7KHYDOXHRIVXUIDFH<RXQJ¶VPRGXOXVIURPVWLFNVSLUDODQGEHDPPRGHOV««««
 7KH YDOLGDWLRQ XVLQJPROHFXODU G\QDPLFV VLPXODWLRQZLWK KDUPRQLF SRWHQWLDOV DQG ILQLWH
HOHPHQWPHWKRG«««««««««««««««««««««««««««««««
0ROHFXODU G\QDPLFV VLPXODWLRQZLWK KDUPRQLF SRWHQWLDOV«««««««««««
)LQLWHHOHPHQWPHWKRGEDVHGRQWKHEHDPPRGHO«««««««««««««««
 5HVXOWV DQG GLVFXVVLRQ«««««««««««««««««««««««««
7KHWZRPRGHOVLQDVLQJOHSRO\HWK\OHQHFKDLQ««««««««««««««««









 5HVXOWV DQG GLVFXVVLRQ««««««««««««««««««««««««««
)DLOXUHEHKDYLRUXQGHUXQLD[LDO WHQVLRQ«««««««««««««««««««
 )DLOXUH EHKDYLRU XQGHU VKHDU«««««««««««««««««««««««
 &RQFOXGLQJ UHPDUNV«««««««««««««««««««««««««««
 (IIHFWV RI WKH GLVSHUVLRQ RI SRO\PHU ZUDSSHG WZR QHLJKERXULQJ VLQJOH ZDOOHG FDUERQ
QDQRWXEHV6:17VRQQDQRHQJLQHHULQJORDGWUDQVIHU
 ,QWURGXFWLRQ««««««««««««««««««««««««««««««























































2QH&17SDUDOOHO WRRQHJUDSKHQHVKHHW LQRXUPROHFXODUG\QDPLFVVLPXODWLRQ D
VLGH YLHZ E YHUWLFDO YLHZ««««««««««««««««««««««««««
 7KH GLVWULEXWLRQ RI FRKHVLYH HQHUJ\ ZLWK GLIIHUHQW GLVWDQFH EHWZHHQ RQH &17 DQG RQH
JUDSKHQH VKHHW XVLQJ SUHVHQW DQDO\WLFDOPRGHO DQGPROHFXODU G\QDPLFV VLPXODWLRQ«««
 7KH QRUPDOL]HG HTXLOLEULXP GLVWDQFH K
ı EHWZHHQ RQH&17 DQG RQH JUDSKHQH VKHHW IRU
GLIIHUHQW UDGLL U«««««««««««««««««««««««««««««««





7KHFRRUGLQDWHV\VWHPDQGD VFKHPDWLFGLDJUDPRI WKH WZRSDUDOOHO LQILQLWH&17V««
xiii 
 
 7KH WZR SDUDOOHO LQILQLWH &17V RI   LQ RXUPROHFXODU G\QDPLFV VLPXODWLRQ D
YHUWLFDO YLHZ E VLGH YLHZ««««««««««««««««««««««««««





UDGLL XVLQJ SUHVHQW DQDO\WLFDOPRGHO«««««««««««««««««««««««
7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRSDUDOOHOLQILQLWH&17V««««
7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRFURVVLQJLQILQLWH&17V«««
 7KH WZR FURVVLQJ ȕ  LQILQLWH &17V RI   LQ RXU PROHFXODU G\QDPLFV
VLPXODWLRQ««««««««««««««««««««««««««««««««« 




7KHGLVWULEXWLRQRI WKH FRKHVLYH HQHUJ\EHWZHHQ WZRFURVVLQJ LQILQLWH&17V IRUGLIIHUHQW





 7KH WZR SDUDOOHO 6:&17V DQG WKHLU &*PRGHO D IXOO DWRP  VWUXFWXUH IRU WZR SDUDOOHO
6:&17VE&*PRGHODQG&*SRWHQWLDOVLQD««««««««««««««««««
7KHGLVWULEXWLRQRI.FJE.FJșDQG.FJĲZLWKGLIIHUHQWUDGLL&17VXVLQJDQDO\WLFDOPRGHOIXOO







 7KHPLQLPXP RI ׋FLUFOH DQG K
 GLVWULEXWLRQ ZLWK &17 UDGLXV IURP (T  DQG WKH WZR
GLVSHUVLYH SDUDPHWHUV RI &*  DQG &*  /- SRWHQWLDOV E\ ILWWLQJ WKH UHVXOWV D 7KH
PLQLPXPRI׋FLUFOHDQGK





7KH FRKHVLYH HQHUJ\GLVWULEXWLRQZLWK GLIIHUHQW GLVWDQFH EHWZHHQ WZR &17VXVLQJ
DQDO\WLFDOPRGHOIXOODWRPPROHFXODUG\QDPLFVVLPXODWLRQDQGWKHVHFRQG&*/-SRWHQWLDO
RI(TDQG/-SRWHQWLDORI(TILWWLQJ«««««««««««««««««






7KH JHRPHWU\ RI WZR VDPHSDUDOOHO 6:&17V«««««««««««««««««











E NLQHWLF HQHUJ\ GLVWULEXWLRQZLWK WLPH«««««««««««««««««««««
 7KH YLEUDWLRQ DIWHUPRYLQJ DPLGGOH SDUW RI RQH&17 EHWZHHQ WZR SDUDOOHO &17V
EHWZHHQWZRSDUDOOHO&17VE\IXOODWRP0'DQG&*0'VLPXODWLRQV7KHLQVHWUHSUHVHQWV
WKHNLQHWLFHQHUJ\GLVWULEXWLRQIRUGLIIHUHQWGLVWDQFHEHWZHHQWKHWZR&17V«««««««




DWRP0' DQG &*0' VLPXODWLRQV D Q  DQG Q  XVLQJ IXOO DWRP0' DQG &*0'
VLPXODWLRQV EQ Q Q DQGQ XVLQJ&*0'VLPXODWLRQV«««««««««
7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\SHUDWRPZLWKWHQVLOHVWUDLQIRU&17EXQGOHV
XVLQJ&*0'VLPXODWLRQVU c«««««««««««««««««««««««
 7KH FRKHVLYH HQHUJ\ GLVWULEXWLRQZLWK GLIIHUHQW GLVWDQFH EHWZHHQ WZR  &17V XVLQJ
DQDO\WLFDOPRGHO DQG&*0' VLPXODWLRQZLWK GLIIHUHQW /- SRWHQWLDOV IRU GLIIHUHQW UDQG WZR
SRVLWLRQVDOOXQLWVRIUDUHcD&*/-SRWHQWLDOE&*/-SRWHQWLDO«««««
 7KH FRKHVLYH HQHUJ\ GLVWULEXWLRQ ZLWK GLIIHUHQW GLVWDQFH EHWZHHQ WZR  &17V XVLQJ
DQDO\WLFDOPRGHO DQG &*0' VLPXODWLRQZLWK GLIIHUHQW /- SRWHQWLDOV IRU GLIIHUHQW U DQG WZR
SRVLWLRQVD&*/-SRWHQWLDOE&*/-SRWHQWLDO««««««««««««««
7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\SHUDWRPZLWKWHQVLOHVWUDLQIRU&17EXQGOHV










DQDO\WLFDOPRGHO IXOO DWRP0' DQG WKH VHFRQG&*/- SRWHQWLDO RI(T  DQG  /-
SRWHQWLDORI(TILWWLQJ««««««««««««««««««««««««««








 7KH QRUPDOL]HG HTXLOLEULXP GLVWDQFH Kı EHWZHHQ WZR SDUDOOHO &17V DQG WZR FURVVLQJ
&17V«««««««««««««««««««««««««««««««««««




7KH ELQGLQJ HQHUJ\ GLVWULEXWLRQZLWK&17 UDGLXV EHWZHHQ WZRSDUDOOHO 6:&17V DQG WZR
FURVVLQJ6:&17V D WZR VDPH UDGLL6:&17V E WZRGLIIHUHQW UDGLL 6:&17V««««
xvii 
 
$ VFKHPDWLF GLDJUDP RI D VLQJOHZDOOHG FDUERQ QDQRWXEH SDUDOOHO DPXOWLZDOOHG FDUERQ
QDQRWXEHV«««««««««««««««««««««««««««««««««
7KHELQGLQJHQHUJ\GLVWULEXWLRQZLWK&17UDGLXVEHWZHHQ WZRSDUDOOHO0:&17VDQG WZR
FURVVLQJ0:&17V D WZR VDPH UDGLL0:&17V E WZRGLIIHUHQW UDGLL0:&17V«««





SRVLWLRQYLHZ LQ[R\ SODQH E WKUHHGLPHQVLRQDO VWUXFWXUH«««««««««««««
6FKHPDWLF LOOXVWUDWLRQRISRO\PHUFKDLQXQGHU ] WHQVLRQ«««««««««««««
 6FKHPDWLF LOOXVWUDWLRQ RI WKH SRVLWLRQ FKDQJH EHWZHHQ WZR ³VWLFNV´ LQ RQH 3( FHOO DIWHU
GHIRUPDWLRQDXQGHU[RU\ WHQVLRQRU\[VKHDUEXQGHU] WHQVLRQFDQ\WZRFRUQHUVWLFNV
XQGHU][RU]\VKHDUGEHWZHHQFRUQHUDQGFHQWHUVWLFNVXQGHU][RU]\VKHDU«««««
 (LJKW VL]HGHSHQGHQW HODVWLF FRQVWDQWVZLWK GLIIHUHQW WKLFNQHVV DORQJ ] GLUHFWLRQ XVLQJ WKH
SUHVHQW DQDO\WLFDOPRGHO«««««««««««««««««««««««««««
7KHEHDPVWUXFWXUHVRIWKHDUPFKDLUDQGWKH]LJ]DJJUDSKHQHQDQRULEERQVLQWKH)(PHWKRG
EDVHGRQ WKHEHDPHOHPHQWV /: / QP«««««««««««««««««
 D2QHFHOORID ILQLWHZLGWKDUPFKDLUJUDSKHQHVKHHWXQGHUFRXSOLQJ ORDGLQJ IRUFH) DQG
PRPHQW0 EDQJOH LQFUHPHQWRI D IRU WKHVWLFNVSLUDOPRGHO FRQHFHOORID ILQLWHZLGWK
]LJ]DJJUDSKHQHVKHHWXQGHUFRXSOLQJORDGLQJIRUFH)DQGPRPHQW0GDQJOHLQFUHPHQWRIF
IRU WKH VWLFNVSLUDOPRGHO««««««««««««««««««««««««««






 )LQLWH ZLGWK DUPFKDLU DQG ]LJ]DJ JUDSKLWH QDQRULEERQV XQGHU SXUH EHQGLQJ DW EHQGLQJ
DQJOH GHJUHHDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ




 D7KH WRWDO HQHUJ\VWUDLQ DQG E WKH VXUIDFH VWUHVVVWUDLQ FXUYHV RI WKH DUPFKDLU DQG WKH
]LJ]DJJUDSKHQHVKHHWXQGHUXQLD[LDO WHQVLRQDQGSXUHVKHDULQ)LJDDQGE«««««
7KHVXUIDFH WHQVLOHDQGVKHDUVWUHVVVWUDLQFXUYHVRI)(PHWKRG LQ)LJ «««««
7KHVXUIDFHVWUHVVVWUDLQFXUYHVRIWKH)(PHWKRGLQ)LJD«««««««««««
 7KH VXUIDFH WHQVLOH DQG VKHDU VWUHVVVWUDLQ FXUYHV RI WKH )(PHWKRGZLWK GLIIHUHQW EHDP
<RXQJ¶VPRGXOXVLQ)LJEDORQJ[GLUHFWLRQWHQVLRQDQG[\GLUHFWLRQVKHDU««««««
7KHVXUIDFHWHQVLOHVWUHVVUDWLRVDQGEHQGLQJPRPHQWUDWLRVEHWZHHQ0'DQG)(UHVXOWVLQ




EHQGLQJDQJOHVLQ)LJDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G
]LJ]DJ/:  H ]LJ]DJ /:  I ]LJ]DJ /: «««««««««««««
$QJOH GLVWULEXWLRQV RI DUPFKDLU DQG ]LJ]DJ JUDSKHQH QDQRULEERQVZLWK GLIIHUHQW EHQGLQJ
DQJOHVLQ)LJDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ
/: H]LJ]DJ/: I]LJ]DJ/: «««««««««««««««««
7KHVSDWLDOGLVWULEXWLRQVRIWKHERQGOHQJWKLQDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVDW
WKHEHQGLQJDQJOHGHJUHHDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: 
G ]LJ]DJ/:  H ]LJ]DJ/:  I ]LJ]DJ/: ««««««««««««
7KHVSDWLDOGLVWULEXWLRQVRI WKHDYHUDJHDQJOH LQFUHPHQW LQ DUPFKDLUDQG]LJ]DJJUDSKHQH
QDQRULEERQV DW WKH EHQGLQJ DQJOH  GHJUHH D DUPFKDLU/:  E DUPFKDLU/:  F
DUPFKDLU/: G]LJ]DJ/: H]LJ]DJ/: I]LJ]DJ/: «««««
xix 
 







DQG ]LJ]DJ JUDSKHQH QDQRULEERQV XQGHU WHQVLRQ«««««««««««««««««
7RWDOHQHUJ\LQFUHPHQWZLWKSUHVHQWKDUPRQLFSRWHQWLDOVDQG$,5(%2SRWHQWLDOLQDUPFKDLU
DQG ]LJ]DJ JUDSKHQH QDQRULEERQV XQGHU SXUH EHQGLQJ«««««««««««««««
'LVWULEXWLRQRIWKHWZRPRGHOVWR$,5(%2UDWLRVZLWK/:«««««««««««
7KHWHQVLOHVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD
7  E7 ««««««««««««««««««««««««««««««
7KHEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD
7  E7 ««««««««««««««««««««««««««««««
7KHWHQVLOHVWUHVVVWUDLQDQGEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWWHPSHUDWXUHIRU&/ 
D6WUHVVVWUDLQFXUYHVE%URNHQUDWHVWUDLQFXUYHV««««««««««««««««
 7KH DWRPLF VWUDLQ DORQJ WKH WHQVLOH GLUHFWLRQ GLVWULEXWLRQ IRU &/  DW GLIIHUHQW
WHPSHUDWXUH««««««««««««««««««««««««««««««««
7KHDWRPLFVWUDLQDORQJWKHWHQVLOHGLUHFWLRQGLVWULEXWLRQIRUGLIIHUHQW&/DW7 ««
 7KUHH W\SLFDOPHFKDQLVPV RIPLFURVWUXFWXUDO HYROXWLRQ XQGHU XQLD[LDO WHQVLRQ LQ OLQHDU
SRO\PHUV«««««««««««««««««««««««««««««««««
7KHVKHDUVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD
7  E7 ««««««««««««««««««««««««««««««
7KHVKHDUEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHV




D7  E 7 ««««««««««««««««««««««««««««
7KHVKHDUVWUHVVVWUDLQDQGEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWWHPSHUDWXUHIRU&/ 
D6WUHVVVWUDLQFXUYHVE%URNHQUDWHVWUDLQFXUYHV««««««««««««««««
 7KH DWRPLF VWUDLQ DORQJ WKH VKHDU GLUHFWLRQ GLVWULEXWLRQ IRU &/  DW GLIIHUHQW
WHPSHUDWXUHXQGHUVKHDUVWUDLQ 
























































IURP 7DEOH  XQLW .FDOPRO«««««««««««««««««««««««
7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUWZRFURVVLQJ&17VDVU c
IURP7DEOH  XQLW.FDOPRO«««««««««««««««««««««««««














&DUERQ QDQRWXEHV &17V KDYH EHHQ SURSRVHG DV LGHDO FDQGLGDWHV IRU PXOWLIDULRXV




HVVHQWLDO LQ GHVLJQLQJ PDQXIDFWXULQJ SURFHVVHV RU WR HQVXUH UHOLDELOLW\ GXULQJ RSHUDWLRQ RI
GHYLFHV 7KH PHFKDQLFDO SURSHUWLHV RI &17V KDYH EHHQ H[WHQVLYHO\ VWXGLHG E\ FRQWLQXXP
PRGHOLQJDQGDWRPLVWLFVLPXODWLRQVLQWKHSDVWGHFDGH2GHUJDUGHWDO=KDQJHWDO
&KDQJDQG*DR/LDQG*XRVLQFHWKHSURSHUWLHVFRXOGEHLPSRUWDQW LQ WKH&17





LQ UHODWHG LQYHVWLJDWLRQV %\ HTXDWLQJ WKHPROHFXODU SRWHQWLDO HQHUJ\ RI QDQRPDWHULDOV WR WKH
PHFKDQLFDOVWUDLQHQHUJ\RIDUHSUHVHQWDWLYHFRQWLQXXPPRGHO2GHUJDUGHWDOREWDLQHGD
UHODWLRQEHWZHHQHIIHFWLYHEHQGLQJULJLGLW\DQGPROHFXODUSURSHUWLHVRIDJUDSKHPHVKHHW&KDQJ
DQG *DR  HVWDEOLVKHG DQ DQDO\WLFDO VWLFNVSLUDO PRGHO 660 EDVHG RQ PROHFXODU
PHFKDQLFV PHWKRG DQG IRU WKH ILUVW WLPH GHULYHG FORVHGIRUP H[SUHVVLRQV IRU WKH HODVWLF
SURSHUWLHV RI GLIIHUHQW 6:&17V $Q LPSURYHG PRGHO E\ -LDQJ DQG *XR  ZDV XVHG WR
LQYHVWLJDWH WKHHODVWLFSURSHUWLHVRI VLQJOHZDOOHGERURQQLWULGHQDQRWXEHV/L DQG&KRX 
SUHVHQWHGDEHDPPRGHOIRUFDUERQFDUERQERQGVEDVHGRQWKHPROHFXODUPHFKDQLFV
&RQVLGHULQJWKHLPSRUWDQWLQIOXHQFHRIWKHYDQGHU:DDOVYG:LQWHUDFWLRQ5X
SURSRVHG D FRQWLQXXP VKHOOPRGHO WR VWXG\ WKH EXFNOLQJ RI GRXEOHZDOOHG&17V:DQJ HW DO
 H[WHQGHG 5X¶V YG:PRGHO WR FDSWXUH WKH EXFNOLQJ FKDUDFWHULVWLFV RI WKH PXOWLZDOOHG
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&17V7KH DSSOLFDELOLW\ DQG OLPLWDWLRQV RI WKH VKHOOPRGHOVZHUH DOVR GLVFXVVHG 6KHQ 
SUHVHQWHG D WUDGLWLRQDO F\OLQGULFDO VKHOO PRGHO IRU WKH SRVWEXFNOLQJ RI D GRXEOHZDOOHG &17
XVLQJ5X¶VYG:LQWHUDFWLRQPRGHO+HHWDOGHYHORSHGDQHZYG:LQWHUDFWLRQPRGHOIRU
QRWRQO\WKHSRVWEXFNOLQJSUHVVXUHEXWDOVRWKHSUHEXFNOLQJSUHVVXUHEHWZHHQDQ\WZROD\HUVRI
PXOWLZDOOHG &17V ZKHUH WKH LQIOXHQFH RI LQWHUOD\HU VSDFLQJ DQG WKH WXEH UDGLXV RQ WKH
SUHVVXUHV ZHUH DOVR FRQVLGHUHG &KDQJ  GHYHORSHG DQ DQLVRWURSLF VKHOO PRGHO WR
LQYHVWLJDWH PHFKDQLFDO EHKDYLRU RI VLQJOHZDOOHG &17V LQ ZKLFK WKH PRGHO FDQ EH XVHG WR
HIIHFWLYHO\GHVFULEHWKHFKLUDOLW\HIIHFWRQPHFKDQLFDOSURSHUWLHV




&17JUDSKHQH DQG &17VXEVWUDWH DUH ZLGHO\ XVHG LQ &17V HOHFWURQLF GHYLFHV )RU LQVWDQFH








)XUWKHUPRUH &17V QHWZRUNV IHDWXUH RXWVWDQGLQJ PHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO
VWUXFWXUHVDQGQHWZRUNWRSRORJLHVZKLFKKDYHEHHQWDNHQDVDSRWHQWLDOVDYLQJHQHUJ\PDWHULDO
;LHHWDO ,Q WKHV\QWKHVLVRIQDQRFRPSRVLWHV WKHIRUPDWLRQRI WKH&17VEXQGOHV LVD
3 
 
FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO2QWKHRWKHUKDQGWKHGLVSHUVLRQRI&17V
ZLWKLQ WKH PDWULFHV DQG WKHLU LQWHUIDFHV DUH RI FULWLFDO LPSRUWDQFH WR HVWDEOLVK HIILFLHQW ORDG
EHDULQJSHUIRUPDQFHIRUODUJHVFDOHDSSOLFDWLRQV&UDQIRUGHWDO+RZHYHUWKLVSUREOHP
KDV QRW EHHQ VROYH VDWLVIDFWRULO\ \HW =KLJLOHL HW DO  GHYHORSHG DPHVRVFRSLFPRGHO RI
LQGLYLGXDO6:&17VE\IXOODWRP0'VLPXODWLRQVZLWK0))SRWHQWLDOV7KHVWUHWFKLQJEHQGLQJ










WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR &17V DQG WKH UHVXOWV DUH RQO\ HIIHFWLYH XQGHU VPDOO
GHIRUPDWLRQE\FRPSDULVRQZLWKIXOODWRP0'DQGWKH&*0'VLPXODWLRQV7KHVHUHDVRQVOHDG
WR WKH OLPLWDWLRQV IRU IXUWKHU VWXG\LQJ RWKHU NLQG RI 6:&17V VLQFHPDQ\ GLIIHUHQW 6:&17V
VKRXOGEHRIWHQRFFXUUHGXQGHUODUJHGHIRUPDWLRQLQWKHSUDFWLFDODSSOLFDWLRQV
7KHUHIRUH LW LV VLJQLILFDQW WR HVWDEOLVK WKH FRDUVHJUDLQHG &* SRWHQWLDOV IRU GLIIHUHQW




&*QRQERQGHGSRWHQWLDOVEHWZHHQ WZR VDPH&*EHDGV HVSHFLDOO\EHWZHHQ WZRGLIIHUHQW&*









EHWZHHQ PROHFXODU DQG FRQWLQXXP GHVFULSWLRQV RI LWV PHFKDQLFDO SURSHUWLHV LV VWLOO QRW ZHOO
HVWDEOLVKHG)RUDPRUSKRXVSRO\PHUV*ODVVIRUPLQJSRO\PHUV77J7JLVWKHJODVVWUDQVLWLRQ








5REELQV  +R\ DQG 5REELQV  ,Q WKH RWKHU KDQG WKH \LHOG SRLQW RI WKH SRO\PHUV
GLVDSSHDUVDIWHU7!7J,QERWKDPRUSKRXVDQGFU\VWDOOLQHSRO\PHUVWKHIUDFWXUHHQHUJ\GHSHQGV
RQ SURFHVVHV WKDW UDQJH IURP EUHDNLQJ RI DWRPLF ERQGV WR IRUPDWLRQ RI GHIHFW VWUXFWXUHV RQ
PLFURQDQGODUJHVFDOHV+R\DQG5REELQV+R\DQG5REELQV$WDWRPLFVFDOHWKH
DOODWRPV $$ DQG XQLWHGDWRP 8$ 0' PHWKRGV KDYH EHHQ HPSOR\HG WR VLPXODWH WKH
















6LQFH WKH 8$ DQG &* SRWHQWLDOV OLPLWDWLRQV WKH HIIHFW RI WKH &/ DQG WHPSHUDWXUH RQ WKH
IDLOXUHEHKDYLRULVQRWXQGHUVWRRGZHOO\HW(VSHFLDOO\WKHIDLOXUHEHKDYLRUXQGHUVKHDUKDVEHHQ
VFDUFHO\UHSRUWHGLQSUHYLRXVZRUN6HH)LJ7KHUHIRUHXQGHUVWDQGLQJWKHPROHFXODURULJLQV
RIPDFURVFRSLF IUDFWXUH EHKDYLRU VXFKDV IUDFWXUH HQHUJ\ LV D IXQGDPHQWDO VFLHQWLILF FKDOOHQJH
+R\DQG5REELQV
2EMHFWLYHV
7KLV WKHVLV LV GHGLFDWHG WR GHYHORS DPXOWLVFDOHPHWKRG WR DFFXUDWHO\ GHVFULEH WKH FRKHVLYH
SURSHUWLHV RI &17V DQG WKHPHFKDQLFDO SURSHUWLHV RI FU\VWDOOLQH DQG DPRUSKRXV SRO\PHUV LQ
ZKLFK WKH OLQN EHWZHHQPROHFXODU DQG FRQWLQXXP GHVFULSWLRQV RI WKH SURSHUWLHV LV HVWDEOLVKHG
ZHOO7KHLQWHUUHODWHGREMHFWLYHVDUHLQFOXGHGDVIROORZV




 'HWHUPLQH WKH &* SRWHQWLDOV RI 6:&17V EDVHG RQ RXU DQDO\WLFDO UHVXOWV RI FRKHVLYH
HQHUJ\EHWZHHQWZR6:&17VDQGWKHWZRVWLFNVSLUDODQGEHDPPRGHOV







 3URSRVH WKH IUDFWXUHPHFKDQLVP RI DPRUSKRXV SRO\PHU IRU GLIIHUHQW FKDLQ OHQJWK DQG
WHPSHUDWXUHXQGHUXQLD[LDOWHQVLRQDQGVKHDU












































([SOLFLW VROXWLRQV IRU WKH FRKHVLYH HQHUJ\EHWZHHQ FDUERQQDQRWXEHV JUDSKHQH DQG VXEVWUDWHV
DUHREWDLQHGWKURXJKFRQWLQXXPPRGHOLQJRI WKHYDQGHU:DDOV LQWHUDFWLRQEHWZHHQWKHP7KH
GHSHQGHQFH RI WKH FRKHVLYH HQHUJ\ RQ WKHLU VL]H VSDFLQJ DQG FURVVLQJ DQJOHV LV DQDO\]HG
&KHFNLQJDJDLQVW IXOODWRPPROHFXODUG\QDPLFVFDOFXODWLRQVDQGDYDLODEOHH[SHULPHQWDO UHVXOWV
VKRZV WKDW WKH FRQWLQXXP VROXWLRQ KDV KLJK DFFXUDF\ 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WKH
QDQRWXEHVJUDSKHQHDQGVXEVWUDWHVZLWKPLQLPXPFRKHVLYHHQHUJ\DUHDOVRSURYLGHGH[SOLFLWO\











$ JRRG XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV IRU WZR FURVVLQJ &17V &17JUDSKHQH DQG
&17VXEVWUDWH LV HVVHQWLDO WR HQVXUH WKH RSWLPXP SHUIRUPDQFH RI &17V DQG JUDSKHQH LQ
SRWHQWLDODSSOLFDWLRQV
7KH ERWWRPXS DSSURDFKHV RI WKH DWRPLVWLFEDVHG PHWKRGV VXFK DV FODVVLFDO PROHFXODU
G\QDPLFV0',LMLPDHWDO<DNREVRQHWDOWLJKWELQGLQJ0'+HUQDQGH]HWDO







ZDOOHG&17VPXOWLZDOOHG&17VERURQQLWULGHQDQRWXEHV %17VDQGJUDSKHQH VKHHWV XQGHU
XQLD[LDO FRPSUHVVLRQWHQVLRQ EHQGLQJ DQG WRUVLRQ GHIRUPDWLRQ&RPSDUHGZLWK WKH ERWWRPXS
PHWKRGV WRSGRZQ DSSURDFKHVPD\ VXEVWDQWLDOO\ UHGXFH WKH FRPSXWDWLRQDO FRVWV DQG DUH WKXV
IUHTXHQWO\ XVHG LQ UHODWHG LQYHVWLJDWLRQV ,Q RUGHU WR RYHUFRPH OLPLWDWLRQV RI DWRPLVWLF
VLPXODWLRQV VRPH W\SLFDO FRQWLQXXPPRGHOV ZHUH GHYHORSHG DQG EURDGO\ XVHG WR FODULI\ WKH
HODVWLFSURSHUWLHVRIWKHJUDSKHQHVKHHWV&17VDQG%17V+HUQDQGH]HWDO*RYLQGMHHQG
6DFNPDQQ9DFFDULQLHWDO<RRQHWDO&KDQJZLWKLQWKHIUDPHZRUN
RI PROHFXODU PHFKDQLFV <DNREVRQ HW DO  XVHG D WUDGLWLRQDO FRQWLQXXP VKHOO PRGHO WR
SUHGLFWWKHEXONLQJRIDVLQJOHZDOOHG&17&RPSDUHGZLWKWKH0'VLPXODWLRQWKHLUFRQWLQXXP





DQGFKLUDOLW\GHSHQGHQW HODVWLFPRGXOL RI VLQJOHZDOOHG&17VXVLQJ HTXLYDOHQWEHDPHOHPHQWV
ZLWKUHFWDQJXODUVHFWLRQ/LDQG*XR7KH³VWLFNVSLUDO´PRGHO660ZDVGHYHORSHGE\
&KDQJDQG*DR$QLPSURYHGPRGHOE\-LDQJDQG*XRZDVXVHGWRLQYHVWLJDWHWKH
HODVWLF SURSHUWLHV RI VLQJOHZDOOHG ERURQQLWULGH QDQRWXEHV%\ H[WHQGLQJ WKH EHDPPRGHO DQG
660WRFU\VWDOOLQHSRO\PHUV=KDRHWDOZHSUHVHQWHGWKH660WRLQYHVWLJDWHWKHVL]H
GHSHQGHQW HODVWLFSURSHUWLHVRI FU\VWDOOLQHSRO\HWK\OHQH 3( =KDRHW DO %DVHGRQ WKH
XQLWHGDWRP0' VLPXODWLRQVZH IXUWKHU YHULILHG WKH HIIHFWLYLW\ RI WKH 660 LQ WKH FU\VWDOOLQH
SRO\PHUVGLUHFWO\ LQZKLFK WKHYDQGHU:DDOV LQWHUDFWLRQEHWZHHQDQ\ WZRSRO\PHUFKDLQVDUH







&RQVLGHULQJ WKH LPSRUWDQW LQIOXHQFH RI WKH YG: LQWHUDFWLRQ 5X 5X  5X 
SURSRVHG D FRQWLQXXP VKHOOPRGHO WR VWXG\ WKH EXFNOLQJ RI GRXEOHZDOOHG&17V:DQJ HW DO
 H[WHQGHG 5X¶V YG:PRGHO WR FDSWXUH WKH EXFNOLQJ FKDUDFWHULVWLFV RI WKH PXOWLZDOOHG
&17V7KH DSSOLFDELOLW\ DQG OLPLWDWLRQV RI WKH VKHOOPRGHOVZHUH DOVR GLVFXVVHG 6KHQ 
SUHVHQWHG D WUDGLWLRQDO F\OLQGULFDO VKHOO PRGHO IRU WKH SRVWEXFNOLQJ RI D GRXEOHZDOOHG &17
XVLQJ5X¶VYG:LQWHUDFWLRQPRGHO+HHWDOGHYHORSHGDQHZYG:LQWHUDFWLRQPRGHOIRU
QRWRQO\WKHSRVWEXFNOLQJSUHVVXUHEXWDOVRWKHSUHEXFNOLQJSUHVVXUHEHWZHHQDQ\WZROD\HUVRI
PXOWLZDOOHG &17V ZKHUH WKH LQIOXHQFH RI LQWHUOD\HU VSDFLQJ DQG WKH WXEH UDGLXV RQ WKH
SUHVVXUHVZHUHDOVRFRQVLGHUHG
5HFHQWO\ WKH FRKHVLYH SURSHUWLHV EHWZHHQ GRXEOH &17V PXOWL&17V DQG &17SRO\PHU
PDWUL[ KDYH EHHQ VWXGLHG V\VWHPDWLFDOO\ -LDQJ HW DO  /X HW DO  /X HW DO 
+RZHYHU WKH DERYH PHQWLRQHG VWXGLHV PDLQO\ FRQFHUQHG RQ WKH FUXFLDO HIIHFW RI WKH YG:
LQWHUDFWLRQVRQWKHHODVWLFSURSHUWLHVRIWKHPXOWLZDOOHG&17V&17SRO\PHUDQGWKHFU\VWDOOLQH
3(7KHFURVVLQJ&17V&17JUDSKHQHDQG&17VXEVWUDWHDUHZLGHO\XVHGLQ&17VHOHFWURQLF
GHYLFHV )RU LQVWDQFH )LJ  VKRZV D VFKHPDWLF VWUXFWXUH LQ WKH H[SHULPHQWV $QDQWUDP DQG
/HRQDUG  =HQJ HW DO  7KHUHIRUH WKH VXUIDFH YG: IRUFHV SOD\ D NH\ UROH RQ WKH
PHFKDQLFDO EHKDYLRU RI WKH FURVVLQJ &17V &17JUDSKHQH DQG &17VXEVWUDWH +HUWHO HW DO
.RHQLJ HW DO $ FOHDU XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV LQ WKHVH V\VWHPV LV






,Q WKLV SDSHU ZH REWDLQ WKH FORVHGIRUP H[SUHVVLRQV RQ WKH FRKHVLYH HQHUJ\ DQG WKH
HTXLOLEULXPGLVWDQFHVEHWZHHQ WKH WZRSDUDOOHO&17V WZRFURVVLQJ&17V&17JUDSKHQH DQG
&17VXEVWUDWH IURP D FRQWLQXXP PRGHO EDVHG RQ WKH /HQQDUG-RQHV /- SRWHQWLDO 7KH
DQDO\WLFDOH[SUHVVLRQVDUHYDOLGDWHGE\FRPSDULQJZLWKRXU0'VLPXODWLRQ
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  VKRZV WKH GHWDLOHG SURFHVV RI WKH SUHVHQW
PROHFXODUG\QDPLFV VLPXODWLRQ6HFWLRQGHVFULEHV WKHFRKHVLYH HQHUJ\DQG WKHHTXLOLEULXP
GLVWDQFHIRU WZRFURVVLQJ OLQHV&17JUDSKHQHDQG&17VXEVWUDWH ,QVHFWLRQ WKHFRKHVLYH
HQHUJ\IRUWZRSDUDOOHODQGWZRFURVVLQJ&17VLVREWDLQHG7KHSDSHULVFRQFOXGHGLQVHFWLRQ
0ROHFXODUG\QDPLFVVLPXODWLRQ












WZR VKHHWV RU &17V DUH NHSW DV WZR ULJLG VKHHWV &UDQIRU DQG %XHKOHU  7KH SUHVHQW
VLPXODWLRQLVDW.DQGWKHGLVWDQFHEHWZHHQWZRVKHHWVRU&17VLVFKDQJHGZLWKDQLQFUHPHQW
RIcSHU WLPHVWHSEDVHGRQ WKHGHIRUPDWLRQFRQWUROPHWKRG UHVSHFWLYHO\$IWHUZDUGV WKH
VWUXFWXUHLVRSWLPL]HGIRUHDFKGLVSODFHPHQWLQFUHPHQWDQGWKHRSWLPL]HGVWUXFWXUHLVWDNHQDVWKH
LQLWLDO JHRPHWU\ IRU WKH QH[W FDOFXODWLRQV 7KH HQHUJ\ PLQLPL]DWLRQ LV SHUIRUPHG XVLQJ WKH
FRQMXJDWHJUDGLHQWPHWKRG$ WROHUDQFHRI UHODWLYH HQHUJLHVEHWZHHQPLQLPL]DWLRQ LWHUDWLRQV LV












V Vª º§ · § ·  « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼ 
ZKHUH K LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV LV WKH GHSWK RI WKH SRWHQWLDO ı LV D
SDUDPHWHU WKDW LVGHWHUPLQHGE\ WKHHTXLOLEULXPGLVWDQFH <DNREVRQHWDO&KDQJHWDO
 ,W LV REYLRXV WKDW WKH HTXLOLEULXP GLVWDQFH K EHWZHHQ WKH WZR SRLQWV LV GHWHUPLQHG E\








WZR FURVVLQJ OLQHV )LJ  VKRZV WKH VFKHPDWLF GLDJUDP RI WZR SDUDOOHO DQG WZR FURVVLQJ
LQILQLWHOLQHV
7KHFRKHVLYHHQHUJ\SHUXQLWOHQJWKEHWZHHQWZRSDUDOOHOOLQHVFDQEHREWDLQHG
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
)URPWKHHQHUJ\PLQLPXPFRQGLWLRQ OLQH OLQH
K
I w  w WKHHTXLOLEULXPGLVWDQFHKFDQEHREWDLQHG
K ı
7KHWRWDOFRKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJOLQHVFDQEHREWDLQHGE\
  VFURV OLQHV O 9 U G[ GOI U f f f f ³ ³ 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ZKHUH 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(TFDQEHUHZULWWHQDV
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7KH HTXLOLEULXP GLVWDQFH K ı EHWZHHQ WZR FURVVLQJ OLQHV LV GHWHUPLQHG E\ WKH HQHUJ\
PLQLPL]DWLRQ FURVV OLQHV
K














D&17RUJUDSKHQH  PHYDQGı cDUHDGRSWHGIURPWKH OLWHUDWXUH&KDQJHWDO
3OLPSWRQ7KHFRKHVLYHHQHUJ\ѰSHUXQLWDUHDFDQEHZULWWHQDV
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I SU U f   ³ ³ 
ZKHUHU K[ȡO ȡXDQG$O $XDUHWKHORZHUDQGXSSHUDUHDGHQVLWLHVDQGDUHDVUHVSHFWLYHO\,I
ZHGHILQHȡO ȡX ȡ(TFDQEHJLYHQE\
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7KH HTXLOLEULXP GLVWDQFH K ı LV DOVR GHWHUPLQHG E\ WKH HQHUJ\ PLQLPL]DWLRQ
JUDSKHQH JUDSKHQH
K
I w  w 
)URP VHFWLRQ  ZH ILQG WKDW WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR FURVVLQJ OLQHV LV
LGHQWLFDOWRWKHGLVWDQFHRIWZRJUDSKHQHVKHHWVVLQFHWKHJUDSKHQHVKHHWFDQEHUHJDUGHGDVDQ
DUUD\RIORWVRIOLQHV
7R VKRZ WKH YDOLGLW\ RI WKH SUHVHQW FRQWLQXXP PRGHO WKH GLVWULEXWLRQ RI WKH DQDO\WLFDO
FRKHVLYH HQHUJ\ ZLWK GLVWDQFH E\ (T  IRU WKH JUDSKHQH VKHHWV LV SORWWHG LQ )LJ  7KH







OLQHJUDSKHQH WKH OLQH LV SDUDOOHO WR WKH JUDSKHQH VKHHW DUH ERWK ı 7KH UHODWLRQVKLS RI WKH
HTXLOLEULXP GLVWDQFH FDQ EH ZULWWHQ DV IROORZV WZR SRLQWV K ı! WZR SDUDOOHO OLQHV
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H[SHULPHQWZHIXUWKHUVWXG\ WKH LQWHUDFWLRQEHWZHHQD&17DQGDQ LQILQLWHJUDSKHQHVKHHW LQ




&17DQG WKH VKHHW7KHDUHDGHQVLW\RI WKH JUDSKHQHDQG WKH&17DUHERWK FKRVHQDV ȡ7KH




WKHFHQWUDOD[LVDQG\ LV WKHGLUHFWLRQQRUPDO WRWKHJUDSKHQHVKHHW:LWKRXW ORVVRIJHQHUDOLW\
ZHFRQVLGHURQHSRLQWUșRQWKHXSSHU&17DQGRQHSRLQW[K]LQWKHJUDSKHQHVKHHW







8QOLNH WKHDQDO\VLV LQVHFWLRQ WKHGHIRUPDWLRQIRU WKH&17LVQRQXQLIRUP:HGHILQH
WKH FRKHVLYH HQHUJ\ SHU XQLW OHQJWK DORQJ WKH FHQWUDO D[LV RI WKH&17 VWRUHG IURP WKH YG:
LQWHUDFWLRQVDV
   &17 JUDSKHQH UG 9 U G] G[SI U T f f f f ³ ³ ³ 
ZKHUHU UFRVș[UVLQșK]
,QWHJUDWLQJ(T\LHOGV
     
  
 &17 JUDSKHQH
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)LJ  VKRZV D&17   SDUDOOHO WR D JUDSKHQH VKHHW LQ RXU0' VLPXODWLRQ 7KH IUHH
ERXQGDU\FRQGLWLRQLVSHUIRUPHGDORQJWKHFHQWHUD[LVRIWKH&17V$VLQJOHZDOOHG&17FDQEH
GHQRWHGE\DFKLUDOYHFWRU    5 Q D Q D  RUHTXLYDOHQWO\WKHUDGLXVUDQGFKLUDODQJOHș D DQG
D DUHWKHSULPLWLYHODWWLFHYHFWRUVLQJUDSKLWHODWWLFHV6DLWRHWDO   D D  c7KH
UDGLXVUDQGFKLUDODQJOHșLQWHUPVRIQDQGQDUHJLYHQE\
      
D







T    
)LJ  VKRZV WKH FRKHVLYH HQHUJ\ZLWK GLIIHUHQW GLDPHWHUV RI&17V EHWZHHQ&17JUDSKHQH
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EHWZHHQWZRFURVVLQJLQILQLWH&17VXVLQJRXUSUHVHQWDQDO\WLFDOPRGHODQGPROHFXODUG\QDPLFV
VLPXODWLRQV7KHUHVXOWVIURP(TDJUHHZHOOZLWKUHVXOWVIURPWKH0'VLPXODWLRQ)LJ
VKRZV WKH WRWDO HQHUJ\ RQ WKH ORZHU DQG XSSHU &17V ZLWK GLIIHUHQW GLVWDQFHV EHWZHHQ WZR
FURVVLQJLQILQLWH&17V:HILQGWKDWWKHWZRNLQGVRIWRWDOHQHUJ\DUHERWKWKHVDPH7KHUHVXOWV
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7KH VXUIDFH YDQ GHU :DDOV IRUFHV SOD\ D NH\ UROH RQ WKH PHFKDQLFDO EHKDYLRU RI
&17JUDSKHQH&17VXEVWUDWH DQG WKH WZR FURVVLQJ&17V$ FOHDU XQGHUVWDQGLQJ RI WKH YG:
LQWHUDFWLRQV EHWZHHQ WZR FURVVLQJ &17V RU JUDSKHQH VKHHWV LV FUXFLDO IRU WKHLU SRWHQWLDO
DSSOLFDWLRQVLQWKHQDQRHOHFWURPHFKDQLFDOV\VWHPVDQGHOHFWURQLFGHYLFHV
,QWKLVSDSHUWKHFRKHVLYHHQHUJ\DQGHTXLOLEULXPGLVWDQFHVIRU&17JUDSKHQH&17VXEVWUDWH
DQG WZR FURVVLQJ &17V KDYH EHHQ REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV
LQWHUDFWLRQEHWZHHQ WKHP2XU FDOFXODWLRQV VKRZ WKDW WKH FRKHVLYH HQHUJ\DQG WKH HTXLOLEULXP
GLVWDQFHV LQ WKH V\VWHP VWURQJO\ GHSHQG RQ WKHLU GLDPHWHUV GLVWDQFH DQG FURVVLQJ DQJOHV 7KH
VPDOOHUGLDPHWHUV UHVXOW LQKLJKHUHQHUJ\ IRU DJLYHQGLVWDQFHDQGFURVVLQJDQJOHEHWZHHQ WZR
FURVVLQJ&17V7KHHTXLOLEULXPGLVWDQFHVDOZD\V LQFUHDVHZLWK LQFUHDVLQJ UDGLXVRI WKH&17V
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DQG WHQG WR WKH FRUUHVSRQGLQJ FRQVWDQWVZKLOH WKH HTXLOLEULXPGLVWDQFHV EHWZHHQ WZRSDUDOOHO
LQILQLWH&17VDUHDOZD\VKLJKHU WKDQ WKRVHRI  WZRFURVVLQJ&17VDQG ORZHU WKDQ WKDWRI WZR
JUDSKHQH VKHHWV IRU D JLYHQ UDGLXV &RPSDUHG ZLWK RXU PROHFXODU G\QDPLFV VLPXODWLRQ WKH
DQDO\WLFDO H[SUHVVLRQV DUH FRQVLGHUDEO\ HIIHFWLYH WR FKDUDFWHUL]H WKH LQWHUDFWLRQ EHWZHHQ
&17JUDSKHQHV&17VXEVWUDWHDQGWZRFURVVLQJ&17V7KHREWDLQHGDQDO\WLFDOVROXWLRQFDQEH
IXUWKHU XVHG WR HVWDEOLVK WKH FRKHVLYH ODZ IRU WKH LQWHUDFWLRQV DQG DSSO\ LQWR ILQLWH HOHPHQW
VLPXODWLRQFRKHVLYH]RQHPRGHOVRWKDWWKHLQWHUDFWLRQVEHWZHHQWKHV\VWHPVIURPQDQRVFDOHWR
PLFURPDFURVFDOH FDQ EH SUHGLFWHG ZHOO LQ WKH SUDFWLFDO H[SHULPHQWV 7KH DQDO\WLFDO VROXWLRQ
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7KHQRYHOFRDUVHJUDLQHG &*SRWHQWLDOVRI VLQJOHZDOOHGFDUERQQDQRWXEHV 6:&17VDUH
GHYHORSHG IRU VWXG\LQJ VWDWLF DQG G\QDPLF EHKDYLRU RI &17 EXQGOHV DQG EXFN\SDSHU 7KH
H[SOLFLW H[SUHVVLRQVRI WKH&*VWUHWFKLQJEHQGLQJDQG WRUVLRQSRWHQWLDOV IRU WKHQDQRWXEHVDUH
REWDLQHG E\ WKH VWLFNVSLUDO DQG WKH EHDPPRGHOV%DVHG RQ RXU DQDO\WLFDO UHVXOWV RI FRKHVLYH
HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ 6:&17V IURP WKH YDQ GHU:DDOV LQWHUDFWLRQV WKH
QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR GLIIHUHQW &* EHDGV DUH FRPSOHWHO\ HVWDEOLVKHG
&RPELQDWLRQ RI WKH ERQGHG DQG QRQERQGHG WHUPV PDNHV WKH &*PRGHO DFFXUDWHO\ IRU ODUJH
GHIRUPDWLRQ RI WKH FRPSOH[ &17 V\VWHPV &KHFNLQJ DJDLQVW IXOO DWRP PROHFXODU G\QDPLFV
FDOFXODWLRQVDQGRXUDQDO\WLFDOUHVXOWVVKRZVWKDWWKHSUHVHQW&*SRWHQWLDOVKDYHKLJKDFFXUDF\
7KHHVWDEOLVKHG&*SRWHQWLDOVDUHXVHGWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRI WKH&17EXQGOHV
DQG EXFN\SDSHU HIILFLHQWO\ DW D PLQRU IUDFWLRQ RI WKH FRPSXWDWLRQDO FRVW ZKLFK VKRZ JUHDW
SRWHQWLDOIRUGHVLJQLQJPLFURDQGQDQRPHFKDQLFDOGHYLFHVDQGV\VWHPV
,QWURGXFWLRQ
&DUERQ QDQRWXEHV &17V KDYH DWWUDFWHG FRQVLGHUDEOH LQWHUHVWV GXH WR WKHLU H[FHOOHQW
PHFKDQLFDO HOHFWURQLF WKHUPDORSWLFDO DQG VWUXFWXUDO SURSHUWLHVZKLFK HQDEOH WKHP IRUPDQ\
DSSOLFDWLRQV%DXJKPDQHWDO7KHPHFKDQLFDOSURSHUWLHVRI&17VKDYHEHHQH[WHQVLYHO\





DO  =KDQJ HW DO  KDYH EHHQ XVHG WR VWXG\ WKH PHFKDQLFDO SURSHUWLHV RI &17V
+RZHYHUFRPSDUHGZLWKERWWRPXSDSSURDFKHVWRSGRZQDSSURDFKHVPD\VXEVWDQWLDOO\UHGXFH













HW DO ZHSUHVHQWHG WKH660DQGEHDPPRGHO WR LQYHVWLJDWH WKH VL]HGHSHQGHQW HODVWLF
SURSHUWLHVRIFU\VWDOOLQHSRO\HWK\OHQH3(=KDRHWDO)URPDOORIWKHVHZRUNVZH
IRXQG WKH DQDO\WLFDO PHWKRGV DUH HVSHFLDOO\ XVHIXO IRU OLQNLQJ PROHFXODU DQG FRQWLQXXP
PHFKDQLFV VLQFH WKH PHFKDQLFDO SURSHUWLHV FDQ EH GLUHFWO\ FRQQHFWHG E\ WKH FORVHGIRUP
H[SUHVVLRQV
5HFHQWO\ &17 QHWZRUNV IHDWXUH RXWVWDQGLQJ PHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO
VWUXFWXUHVDQGQHWZRUNWRSRORJLHVZKLFKKDYHEHHQWDNHQDVDSRWHQWLDOVDYLQJHQHUJ\PDWHULDO
;LH HW DO  ,Q WKH V\QWKHVLV RI QDQRFRPSRVLWHV WKH IRUPDWLRQ RI WKH&17EXQGOHV LV D
FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO2QWKHRWKHUKDQGWKHGLVSHUVLRQRI&17V
ZLWKLQ WKH PDWULFV DQG WKHLU LQWHUIDFHV DUH RI FULWLFDO LPSRUWDQFH WR HVWDEOLVK HIILFLHQW ORDG
EHDULQJSHUIRUPDQFHIRUODUJHVFDOHDSSOLFDWLRQV&UDQIRUGHWDO+RZHYHUWKLVSUREOHP
KDVQRWEHHQ VROYHG VDWLVIDFWRULO\ \HW=KLJLOHL HW DO GHYHORSHGDPHVRVFRSLFPRGHORI





HW DO  :DQJ HW DO  DQG /L DQG .U|JHU  GHWDLOHG VWXGLHG WKH PHFKDQLFDO
SURSHUWLHVRIWKHWZRGLPHQVLRQDODQGWKUHHGLPHQVLRQDO&17QHWZRUNVEDVHGRQWKHPHVRVFDOH
PRGHO+RZHYHU WKH SRWHQWLDOV RI RQH NLQG RI VLQJOHZDOOHG&17 6:&17 ZHUH RQO\
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UHSRUWHG DQG WKH WRUVLRQ SRWHQWLDOV ZHUH QHJOHFWHG LQ WKHLU ZRUN 7KH QRQERQGHG SRWHQWLDOV
EHWZHHQWKHWZRLGHQWLFDO&*EHDGVRIWZRSDUDOOHO6:&17VZHUHRQO\SURYLGHGEDVHGRQ
WKHIXOODWRP0'UHVXOWV%XHKOHU$FWXDOO\ WKHWZRSDUDPHWHUVRIWKHLU/HQQDUG-RQHV
/-SRWHQWLDOVDUHREWDLQHGE\ ILWWLQJ WKHDGKHVLRQHQHUJ\DW WKHHTXLOLEULXPGLVWDQFHEHWZHHQ
WZR&17VDQG WKHUHVXOWVDUHRQO\HIIHFWLYHXQGHUVPDOOGHIRUPDWLRQE\ FRPSDULVRQ WKH
IXOODWRP0'ZLWKWKH&*0'VLPXODWLRQV+RZHYHUWKHODUJHGHIRUPDWLRQVIUHTXHQWO\RFFXULQ
WKH SUDFWLFDO DSSOLFDWLRQV ,Q SDUWLFXODU WKH QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR GLIIHUHQW




:DDOV YG: LQWHUDFWLRQV JRYHUQ WKH VWUXFWXUDO RUJDQL]DWLRQ DQG WKHPHFKDQLFDO SURSHUWLHV RI
&17 EXQGOHV DQG QHWZRUNV &UDQIRUG HW DO  5X   =KRX HW DO  7KH
LQWHUDFWLRQV RI LQGLYLGXDO &17V LQ ODUJHUVFDOH VWUXFWXUHV RIWHQ SOD\ D FULWLFDO UROH LQ WKH
PHFKDQLFDO FKDUDFWHUL]DWLRQ RI &17 V\VWHPV +RZ WR SURYLGH DFFXUDWH &* QRQERQGHG
SRWHQWLDOV EHWZHHQ WZR VDPH&* EHDGV HVSHFLDOO\ EHWZHHQ WZR GLIIHUHQW &* EHDGV IRU WZR




RQ WKH 660 DQG WKH EHDPPRGHO ,Q SDUWLFXODU WKH WZR GLIIHUHQW QRQERQGHG &* SRWHQWLDOV
EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ &17V DUH FRPSOHWHO\ HVWDEOLVKHG EDVHG RQ WKH FRKHVLYH
HQHUJ\ EHWZHHQ WKH WZR &17V IURP YG: LQWHUDFWLRQV )ROORZLQJ WKH VLPLODU LGHD %XHKOHU
ZHIXUWKHUSURYLGHWKHILUVWNLQGQRQERQGHG&*PRGHOWRREWDLQWKHWZRSDUDPHWHUVRI
WKHQRQERQGHG&*/-SRWHQWLDOVEHWZHHQWZRGLIIHUHQW&17VZKLFKLVDFFXUDWHHQRXJKZKHQ






HIILFLHQWO\ XVHG WR VWXG\ WKHPHFKDQLFDO SURSHUWLHV RI WKH &17 EXQGOHV DQG EXFN\SDSHU DW D
PLQRU IUDFWLRQRI WKHFRPSXWDWLRQDOFRVWZKLFKVKRXOGEHDOVRRIJUHDWKHOS IRUGHVLJQLQJ WKH
FRUUHVSRQGLQJQDQRPHFKDQLFDOGHYLFHVDQGV\VWHPV
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  VKRZV WKH&*ERQG VWUHWFKLQJ EHQGLQJ DQG
WRUVLRQSRWHQWLDOVRI6:&17VEDVHGRQWKHVWLFNVSLUDODQGWKHEHDPPRGHOV,QVHFWLRQWKH
QRQERQGHG&* SRWHQWLDOV EHWZHHQ WZR SDUDOOHO &17V DQG WKHLU DSSOLFDWLRQV LQ GLIIHUHQW IUHH
YLEUDWLRQVDQGEXQGOHVDUHV\VWHPDWLFDOO\LQYHVWLJDWHG6HFWLRQGHVFULEHVWKHQRQERQGHG&*
SRWHQWLDOV EHWZHHQ WZR FURVVLQJ &17V DQG WKHLU DSSOLFDWLRQ IRU VWXG\LQJ WKH PHFKDQLFDO











OHQJWK (%/ U LQ WKH&*PRGHO FDQ EH GHWHUPLQHG ODWHU7KHPDVV SHU&*EHDG LV HTXDO WR
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E. W* P] KP  
ZKHUHȝ .E.șE DQG W LV WKH WKLFNQHVV RI WKH&17 DQGE c LV WKH LQLWLDO ERQG OHQJWK
EHWZHHQWZRFDUERQV7KHRWKHUSDUDPHWHUVVWURQJO\GHSHQGRQWKHFKLUDOLW\RIWKH&17DQGFDQ
EH IRXQG LQ $SSHQGL[ ,Q WKLV SDSHU .E  Q1QP DQG.ș  Q1 QP LV FKRVHQ IRU WKH
FRQWLQXXPPRGHO &KDQJ DQG.E Q1QPDQG.ș Q1QP LV FKRVHQ IRU WKH
FRQWLQXXPPRGHO/LDQG*XR
)RU WKH&*PRGHO LQ)LJ WKH WRWDO HQHUJ\8FJ RI D&17FDQEH H[SUHVVHG DV D VXPRI
HQHUJLHVDVVRFLDWHGZLWKWKHYDULDQFHRIERQGOHQJWK8FJEERQGDQJOH8FJșDQGWRUVLRQDQJOH
8FJĲLH&KDQJDQG*DR
         
  FJ FJE FJ FJ FJE FJL FJ FJM FJ FJNL M N
8 8 8 8 . GE . G . GT W T WT W     ¦ ¦ ¦ 
ZKHUHGEFJLLVWKHERQGHORQJDWLRQRIERQGLGșFJMLVWKHYDULDQFHRIERQGDQJOHMDQGGĲFJNLVWKH
YDULDQFHRIWRUVLRQDQJOHNDQG.FJE.FJșDQG.FJĲDUHWKHUHODWHGIRUFHFRQVWDQW


































WKDW U LV FKRVHQ DV  c VR WKDW WKH QRQERQGHG &* PRGHO LV HIIHFWLYH HQRXJK GHWDLOHG
GLVFXVVLRQLVJLYHQODWHU0RUHRYHUWKH%XHKOHU¶VUHVXOWVEDVHGRQU cDUHDOVRSORWWHG:H





VDPHPHWKRGZLWK=KLJLOHLHW DO¶VDSSURDFK ,WKDVEHHQDOVRYDOLGDWHG WKDW WKH&*PRGHOFDQ
UHSURGXFH ZHOO WKH G\QDPLF EHKDYLRU RI LQGLYLGXDO &17V SUHGLFWHG LQ DWRPLVWLF VLPXODWLRQV
=KLJLOHLHWDO0RUHFRPSOLFDWHGYDOLGDWLRQZLOOEHJLYHQODWHU
,W VKRXOG EH QRWHG WKDW WKH (T  (T  DQG (T  DUH HIILFLHQW HQRXJK XQGHU VPDOO
GHIRUPDWLRQIRULQGLYLGXDO6:&178QGHUODUJHGHIRUPDWLRQ&KDQJ¶VJURXS*HQJDQG&KDQJ
 HVWDEOLVKHG D QRQOLQHDU VWLFNVSLUDO PRGHO WR GHVFULEH WKH PHFKDQLFDO EHKDYLRU RI
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ZKHUH G LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV LV WKH GHSWK RI WKH SRWHQWLDO ı LV D
SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH HTXLOLEULXP GLVWDQFH   PHY DQG ı  c DUH
DGRSWHGIURPWKHOLWHUDWXUHV<DNREVRQ&KDQJ
7RREWDLQWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO6:&17V)LJVKRZVWKHFRRUGLQDWH
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WKHYDOLGLW\RI WKHSUHVHQW FRQWLQXXPPRGHO WKHGLVWULEXWLRQRI WKH DQDO\WLFDO FRKHVLYH HQHUJ\




RXU SUHYLRXV ZRUN =KDR HW DO D LQ ZKLFK WKH 0' VLPXODWLRQ LV SHUIRUPHG XVLQJ
/$0036 3OLPSWRQZLWK WKH$,5(%2SRWHQWLDO DQGSHULRGLFERXQGDU\FRQGLWLRQV DUH



















SRWHQWLDO LQ (T  WKH FRKHVLYH HQHUJ\ SHU XQLW OHQJWK EHWZHHQ WZR SDUDOOHO OLQHV FDQ EH
REWDLQHG
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
ZKHUH   LVWKHGHSWKDQGıLVWKHGLVSHUVLYHSDUDPHWHURIWKH&*/-SRWHQWLDO)URP







w  w  WKH HTXLOLEULXPGLVWDQFHK




DGKHVLRQ HQHUJ\ WKDW LV WKH DEVROXWHPLQLPXPYDOXH RI׋FLUFOH LQ(T  DQG WKH HTXLOLEULXP
GLVWDQFHK
 VHH )LJ  DQG )LJ  EHWZHHQ WZR VDPH&17V IURP(T  7KH DQDO\WLFDO




 WKHYDOXHVRIıDUHSORWWHG LQ)LJF6XEVWLWXWLQJı K
DQG׋FJ
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RI   DQGıFDQEHREWDLQHGLQ)LJVEDQGF,WVKRXOGEHQRWHGWKDWDOODERYHUHVXOWVDUH
RQO\ ILWWHG E\ WKH PLQLPXP YDOXH RI WKH FRKHVLYH HQHUJ\ DQG WKH FRUUHVSRQGLQJ HTXLOLEULXP
GLVWDQFH K
 6LPLODU PHWKRG FDQ EH IRXQG LQ SUHYLRXV ZRUN %XHKOHU  1RWH WKDW ZH
GHILQHDERYH&*DQGQRQERQGHGPRGHODV&*PRGHO
,QRUGHUWRFRQYHQLHQWO\XVHWKHQRQERQGHG&*SRWHQWLDOVRIWKH&*PRGHODOOWKHYDOXHVRI
PLQLPXP RI ׋FLUFOH K
    DQG    DQG ı DQG ı EHWZHHQ WZR GLIIHUHQW 6:&17V DUH
VKRZQLQ7DEOHVDQG
7DEOH7KHPLQLPXPRI׋FLUFOHIURP(TXQLW-P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 /- SRWHQWLDO E\ FRPSDULVRQ ZLWK RXU DQDO\WLFDO DQG IXOO DWRP 0' UHVXOWV 7KH WZR
SDUDPHWHUVDQGıRIWKHWZR&*/-SRWHQWLDOVVWURQJO\GHSHQGRQWKHUDGLLRIWKHWZR&17VLQ
ZKLFKWKH(%/UKDVDOVRDODUJHHIIHFWRQ
7RGHWHUPLQHWKHWZRSDUDPHWHUVZHDVVXPH    DQG   IURPWRcDQGWKHQWKHWHQ




$V U  c WKH PLQLPXP FRKHVLYH HQHUJ\ LV DOPRVW WZR WLPHV ORZHU WKDQ WKDW RI U c
7KHUHIRUH WKH(%/ U LV EHWWHU FKRVHQDVc WR UHGXFH WKH FRPSXWDWLRQDO FRVWV DQGNHHS WKH
DFFXUDF\
)URP WKH DERYH DQDO\VLV WKH FRQWLQXXP OLQHPRGHO LV HIIHFWLYH RQO\ DV UcZKLOH WKH
GLVFUHWHPRGHO%XHKOHUVKRXOGEHXVHGWRILWWKHDQDO\WLFDOUHVXOWVZKHQU!cLQZKLFK







$VVKRZQLQ)LJVDDQGEZHILQGWKDWWKHYDOXHVRI    DQG   LQFUHDVHZLWKLQFUHDVLQJ
&17UDGLXVZKLOHıDQGıLQFUHDVHZLWKLQFUHDVLQJUDGLXVDQGWHQGVWRDFRQVWDQWIRU&*
 /- DQG  /- SRWHQWLDOV 7KH HTXLOLEULXP GLVWDQFH K EHWZHHQ WZR SDUDOOHO 6:&17V LV
SORWWHGLQ)LJF7KHYDOXHVRI&*/-SRWHQWLDOVDUHFORVHUWRWKHDQDO\WLFDOUHVXOWVWKDQ
WKRVHRI&*/-SRWHQWLDOV7RFRQYHQLHQWO\XVHWKH&*QRQERQGHGSRWHQWLDOVDOOWKHYDOXHV
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1RWHWKDWRQHVKRXOGXVHWKHVHFRQGNLQGQRQERQGHG&*PRGHO&*PRGHOFDUHIXOO\)RU
WKUHHGLPHQVLRQDO &17 EXQGOHV WKH UHDO ER[ OHQJWK O
 VKRXOG EH HTXDO WR Oı
UUı DQG OıUUı LI WKH ER[ OHQJWK LV O DQG ODIWHU
PLQLPL]DWLRQXVLQJRXUWZR&*DQG/-SRWHQWLDOVUHVSHFWLYHO\,QWKHRWKHUZRUGVWKH


























,QRUGHU WRYDOLGDWH WKH HIIHFWLYLW\RISUHVHQW&*PRGHO VRPHDVVXPSWLRQV DUHSURSRVHG WR
VLPSOLI\WKHSUREOHP7KHWZR&17VDUHWDNHQDVWZRFDQWLOHYHUEHDPVDQGWKHVKHDU
GHIRUPDWLRQLVQHJOHFWHG7KHFORVHVWGLVWDQFHEHWZHHQWKHDGKHUHQWFRPSRQHQWVRIWKHWZR
&17V LV WDNHQDV ]HURRU D FRQVWDQWG ZKLFKGRHVQRW LQIOXHQFH WKH UHVXOWV 7KH UDGLL RI
&17VDQGWKHGLVSODFHPHQWEHWZHHQWKHWZR&17VDUHERWKIDUOHVVWKDQWKHOHQJWK/WKDWLVWR
VD\/ VOLQ)LJ7KHWRWDOHQHUJ\LVFRPSRVHGRIHODVWLFHQHUJ\DQGDGKHVLRQHQHUJ\







 FULWLFDO (,KV J










UHVXOWV IXOO DWRP0' DQG &*0' FDOFXODWLRQV 7KH SDUDPHWHUV RI WKH WZR &* QRQERQGHG







DJUHHPHQW ZLWK WKRVH RI DQDO\WLFDO UHVXOWV ZKLOH DOO WKH YDOXHV RI VFULWLFDO E\ WKH &* PRGHO
FDOFXODWLRQVDUHDOZD\VKLJKHU WKDQ WKHSUHVHQWDQDO\WLFDO UHVXOWV)URP)LJ ZHNQRZWKDW
WKHDWWUDFWLYHIRUFHϷ׋FLUFOHϷKRIWKHQRQERQGHGSRWHQWLDOVLQ&*PRGHOLVDOZD\VKLJKHUWKDQ
WKDWRIWKHIXOODWRP0'UHVXOWVDQGDQDO\WLFDOUHVXOWVDOWKRXJKDOOȖRIWKHPDUHWKHVDPHZKLFK









6:&17V DIWHU WHQVLRQ EHQGLQJ DQG PRYLQJ XVLQJ IXOO DWRP 0' DQG &* 0' VLPXODWLRQV
UHVSHFWLYHO\ 7KH DERYH KDUPRQLF SRWHQWLDOV.FJE  .FDOPROc.FJș .FDOPRO
DQG  /- SRWHQWLDO İ  .FDOPRO DQG ı  VHH 7DEOHV  DQG  DUH RQO\
DGRSWHG LQ RXU &*0' VLPXODWLRQV VLQFH WKH WRUVLRQ DQJOH LV RQO\ ZHDNO\ FRXSOHG WR RWKHU
LQGHSHQGHQWYDULDEOHVWKURXJKWKHWRUVLRQVWUHWFKLQJFRXSOLQJWHUP=KLJLOHLHWDO
)UHHWHQVLRQYLEUDWLRQ







0' VLPXODWLRQV LV LQ JRRG DJUHHPHQWV ZLWK WKDW E\ &* 0' VLPXODWLRQV WKH &* DYHUDJH
IUHTXHQF\ LV  7+] DQG WKH IXOO DWRP DYHUDJH IUHTXHQF\ LV  7+] DQG WKH GLIIHUHQFH
LQFUHDVHVZLWK LQFUHDVLQJ WLPH7KHPD[LPXPUHODWLYHHUURU LV OHVV WKDQDV WSVDQG OHVV
WKDQDVWSV7KHSUREDEOHUHDVRQLVWKDWWKHRWKHUGLIIHUHQWPRGDOPRUHDWRPVRUEHDGV
UHVXOW LQPRUH IUHHGRPVFRXOGEHVWLPXODWHGZLWK LQFUHDVLQJ WLPHLQ WKH WZR0'VLPXODWLRQV










7KH DERYH WZR SDUDOOHO c ORQJ &17V DUH DOVR DGRSWHG WR VWXG\ WKH IUHH EHQGLQJ
YLEUDWLRQLQ)LJ$IWHUWKHHQHUJ\PLQLPL]DWLRQRIWKHWZRSDUDOOHO&17VWKHYLEUDWLRQLV
JHQHUDWHGE\FUHDWLQJDORFDOEHQGLQJVWUDLQRIț cEHJLQQLQJRIWKHVLPXODWLRQVDQG
DOORZLQJ WKH WZR HQGV OHIW DQG ULJKW HQGV RI WKH V\VWHPV WR HYROYH IUHHO\ DW ODWHU WLPH7ZR
VDPHORQJ&*PRGHOVDUHXVHGWRGRWKHVDPHVLPXODWLRQ)URP)LJDDQG)LJEWKH
YLEUDWLRQIUHTXHQF\RI WKHSRWHQWLDOHQHUJ\DQGNLQHWLFHQHUJ\E\ IXOODWRP0'VLPXODWLRQV LV
UHDVRQDEOHZLWKWKDWE\&*0'VLPXODWLRQVWKH&*DYHUDJHIUHTXHQF\LV7+]DQGWKHIXOO























&* EHDGV DUH FRQWDLQHG LQ WKH&*PRGHOV DQG RQO\ RQH&* EHDG RQ WKH XSSHU&* FKDLQ LV





















WKH SRWHQWLDOV DUH WKH VDPHZLWK WKRVH LQ VHFWLRQ  )LUVW ZH FDOFXODWH WKH GLVWULEXWLRQ RI
SRWHQWLDO HQHUJ\ZLWK WHQVLOH VWUDLQ DQG EHQGLQJ DQJOH IRU RQH DQG WZR  &17V XVLQJ IXOO
DWRP0'DQG&*0'VLPXODWLRQVLQ)LJ)URP)LJDWKHGLIIHUHQFHRIWKHSRWHQWLDO




&17 LV REWDLQHGE\ ILWWLQJSRWHQWLDOWHQVLOH VWUDLQ FXUYH LQ WKH UDQJHRI VHH)LJ D
:LWKWKHLQFUHDVHRIWKHWHQVLOHVWUDLQWKHQRQOLQHDUEHKDYLRURIIXOODWRP0'UHVXOWVVKRXOGEH











DERXW  WLPHV RI IXOO FDUERQ DWRPV )LJ E VKRZV WKHPHFKDQLFDO EHKDYLRU RI GLIIHUHQW
&17EXQGOHVXVLQJ&*0'VLPXODWLRQV7KH&*EHDGVRIQ DUHRQO\  LQ)LJ E
ZKLOH WKH VDPH EXQGOHV RI IXOO DWRP PRGHO DUH DERXW  FDUERQ DWRPV 7KHUHIRUH WKH
FRPSXWDWLRQDO FRVW XVLQJ&*PRGHO LV OHVV WKDQ  WLPHV RI IXOO DWRPPRGHO1RWH WKDW WKH






&*0'VLPXODWLRQVDQ DQGQ XVLQJIXOODWRP0'DQG&*0'VLPXODWLRQVEQ Q Q DQGQ 
XVLQJ&*0'VLPXODWLRQV
,WVKRXOGEHQRWHGWKDW WKHQHJDWLYHSRWHQWLDOHQHUJ\LVRFFXUUHGVRPHZKHUHIRUVPDOOVWUDLQDV
Q   DQG LQ )LJ E7R IXUWKHU DQDO\]H WKH UHDVRQZHSORW WKH SRWHQWLDO HQHUJ\SHU
DWRPRIGLIIHUHQW&17EXQGOHVXQGHUWHQVLRQLQ)LJU c7KHVWUDLQ UHSUHVHQWVWKH
VWUXFWXUHVDIWHUHQHUJ\PLQLPL]DWLRQEHIRUHGHIRUPDWLRQ7KHVWUXFWXUHVRIQ DQGDIWHU












7R VKRZ WKH GLIIHUHQFH EHWZHHQ WKH WZR SRVLWLRQV )LJ  VKRZV WKH FRKHVLYH HQHUJ\
GLVWULEXWLRQZLWKGLVWDQFHEHWZHHQWZRSDUDOOHO&17VXVLQJDQDO\WLFDOPRGHODQG&*0'
VLPXODWLRQVIRUGLIIHUHQWUDQGWZRSRVLWLRQV)RUU cWKHPLQLPXPFRKHVLYHHQHUJ\DQGWKH
HTXLOLEULXPGLVWDQFHK DW WKH VWDJJHUHGSRVLWLRQDUH DERXW WZR WLPHV DQG WLPH ORZHU WKDQ
WKRVH DW WKH QRQVWDJJHUHG SRVLWLRQ UHVSHFWLYHO\ 7KH GLIIHUHQFH EHWZHHQ WKH WZR SRVLWLRQV
GHFUHDVHVZLWKGHFUHDVLQJ U$V U c WKHFRKHVLYH HQHUJ\ DQGHTXLOLEULXPGLVWDQFH DOPRVW
GRQ¶W FKDQJH ZLWK WKH WZR SRVLWLRQV 7KHUHIRUH U  c KDYH WR EH DGRSWHG VR WKDW WKH YG:
LQWHUDFWLRQV GRHVQ¶W FKDQJH ZLWK WKH SRVLWLRQV ,Q WKH RWKHU KDQG DOO WKH SDUDPHWHUV RI WKH












7R FRPSDUH WKH GLIIHUHQFH RIPHFKDQLFDO EHKDYLRU EHWZHHQ U c DQG U cZH IXUWKHU




EHJLYHQDV.FJE .FDOPROc.FJș .FDOPRODQG/-SRWHQWLDOİ 




8 RQH&17 ($H H  -PDQG(DQG$DUHWKH
<RXQJ¶VPRGXOXVDQGWKHFURVVVHFWLRQDUHDRIWKH&17VHHVHFWLRQ:HILQGWKDWWKH&*
PRGHOZLWK U c DJUHHVZHOOZLWK WKH SUHGLFWHG UHVXOWV DQG QR QHJDWLYH SRWHQWLDO HQHUJ\ LV
RFFXUUHGLQWKHWHQVLOHSURFHVV)XUWKHUPRUHWKHHTXLOLEULXPGLVWDQFHKDWVWDJJHUHGSRVLWLRQLV
DOZD\VOHVVWKDQWKDWDWQRQVWDJJHUHGSRVLWLRQKDVU!cLQ)LJDQG)LJEZKLFK








WKH HQHUJ\ FDQ EH FOHDUO\ VHHQ LQ )LJ  7KH SRWHQWLDO HQHUJ\ DQG FURVV VHFWLRQ DUHD RQO\
VOLJKWO\ FKDQJH IRUU cDW WKH WZRVWDJJHUHGDQGQRQVWDJJHUHGSRVLWLRQV VHHQ  LQ)LJ
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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7R YDOLGDWH WKH DQDO\WLFDO UHVXOWV IURP (T  WKH GLVWULEXWLRQ RI WKH DQDO\WLFDO FRKHVLYH










,W VKRXOGEHQRWHG WKDW WKHXQLW -RI WKHWRWDOHQHUJ\ LQ(T  LV IRU WZRFURVVLQJ&17V
ZKLOHWKHXQLW-PRIWKHHQHUJ\SHUOHQJWKLQ(TLVIRUWZRSDUDOOHO&17V
&RDUVHJUDLQHGQRQERQGHGSRWHQWLDOVEHWZHHQWZRFURVVLQJ6:&17V
6LPLODUZLWKVHFWLRQ WKHQRQERQGHG&*SRWHQWLDOV IRU WZRFURVVLQJ&17VFDQEHILWWHG
WKHFRKHVLYHHQHUJ\IXQFWLRQRIWZRFURVVLQJOLQHV)RUWZRFURVVLQJOLQHVLQ)LJWKHWRWDO
FRKHVLYHHQHUJ\EHWZHHQWKHWZRFURVVLQJOLQHVFDQEHREWDLQHGE\
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)LJ  6LPLODUZLWK )LJ  WKH GLVWULEXWLRQ RI WKH FRKHVLYH HQHUJ\ EHWZHHQ WZR FURVVLQJ
&17VXVLQJDQDO\WLFDOPRGHOIXOODWRP0'DQG&*0'VLPXODWLRQVLVSORWWHGLQ)LJ






7R FRQYHQLHQWO\ XVH WKH QRQERQGHG&*SRWHQWLDOV DOO WKH YDOXHV RIPLQLPXPRI׋WRWDOK
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7RVKRZ WKHGLIIHUHQFHEHWZHHQ WKH WZRSRVLWLRQV VWDJJHUHGDQGQRQVWDJJHUHGRI WKH WZR
&*EHDGV)LJVKRZVWKHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLVWDQFHEHWZHHQWZRSDUDOOHO
 &17V XVLQJ DQDO\WLFDO PRGHO DQG &*0' VLPXODWLRQV IRU GLIIHUHQW U DQG WKHLU WZR
SRVLWLRQV)RUU cWKHPLQLPXPFRKHVLYHHQHUJ\DWWKHVWDJJHUHGSRVLWLRQLVWZRWLPHVORZHU
WKDQ WKDW DW WKH QRQVWDJJHUHG SRVLWLRQ ZKLOH WKH HTXLOLEULXP GLVWDQFH K DW WKH VWDJJHUHG
SRVLWLRQ GHFUHDVHV WR  7KHUHIRUH WKHVH UHVXOWV KDYH D ODUJH HIIHFW RQ WKH GHQVLW\ RI WKH
EXFN\SDSHUDQGQHZZRUNVVHHVHFWLRQ$VU cWKHFRKHVLYHHQHUJ\DQGWKHHTXLOLEULXP
GLVWDQFHKDOPRVWGRHVQ¶WFKDQJHZLWK WKHSRVLWLRQV7KHUHIRUH U cKDYH WREHDGRSWHGVR
WKDWWKHYG:LQWHUDFWLRQVGRHVQ¶WFKDQJHZLWKWKHSRVLWLRQV,QWKHRWKHUKDQGDOOWKHSDUDPHWHU
RIWKHKDUPRQLFSRWHQWLDOVKDYHWREHPRGLILHGLIU cLQWKLVSDSHU'HWDLOHGPRGLILFDWLRQVRI































7R JHQHUDWH WKH LQLWLDO DPRUSKRXV EXFN\SDSHU VWUXFWXUH ZH XVH WKH VHPLFU\VWDOOLQH ODWWLFH
PHWKRG )DXORQ  ZKLFK XWLOL]H WKH IDFHFHQWHUHG FXELF IFF GLDPRQG VWUXFWXUH DV D
WHPSODWH WR FDUERQ EDFNERQHV RI HQWDQJOHG EXFN\SDSHU /LQHDU FKDLQV DUH JHQHUDWHG E\ WKH











WKH SUHVVXUH 3  DWP WKH WLPH VWHS ǻW  IV LQ WKH 137 HQVHPEOH FRQWUROOHG E\ WKH 1RVH
+RRYHU
VWKHUPRVWDW1RVH+RRYHU7KHQWKHV\VWHPLVFRROHGGRZQWR7 .
ZLWK WKH FRROLQJ UDWH RI  .SV LQ WKH 137 HQVHPEOH 7KH V\VWHP LV WKHQ NHSW DW FRQVWDQW
7 .DQG3 DWPLQWKH137HQVHPEOHIRUQV7KHER[VL]HLVDERXWîîQP
VHH )LJV E DQG G 7KH XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ WHVWV DORQJ [ GLUHFWLRQ DUH
SHUIRUPHGWRREWDLQWKHVWUHVV±VWUDLQUHVSRQVHZLWKVWUDLQUDWHîV&DSDOGLLQWKH
137 HQVHPEOH VHH )LJV F DQG H 7R REWDLQ WKH VKHDU SURSHUWLHV RI WKH EXFN\SDSHU WKH
DERYH HTXLOLEULXP VWUXFWXUH LQ WKH137 HQVHPEOH EHIRUH WHQVLRQ DQG FRPSUHVVLRQ LV NHSW DW
7 .LQWKH197HQVHPEOHIRUQV7KHQWKHVKHDUWHVWVDORQJ[\GLUHFWLRQDUHSHUIRUPHG











GLPHQVLRQDO VWUXFWXUH DQG U  c DUH RQO\ FRQVLGHUHG LQ WKHLU ZRUN $FWXDOO\ WKH WZR
GLPHQVLRQDO VWUXFWXUHKDV D ODUJH OLPLWDWLRQ DQGZLOO ORVHPXFK LQIRUPDWLRQ )RU H[DPSOH WKH
HTXLOLEULXPGLVWDQFHKEHWZHHQ WZRFURVVLQJ&*FKDLQV LV ]HUR LQ WKHLUZRUNZKLOH WKH UHDO
HTXLOLEULXPGLVWDQFHKEHWZHHQWZRFURVVLQJ&17VDUHDERXWcVHH7DEOH7KH
UHDVRQOHDGVWRWKH;LHHWDO¶VKLJKHUGHQVLW\
7KH VWUHVVVWUDLQ FXUYHV XQGHU XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ DV ZHOO DV SXUH VKHDU DUH





ORZHU WKDQ WKRVHRIEXONSRO\HWK\OHQH&DSDOGL1RWH WKDW WKHXOWLPDWHVWUHQJWKVWUDLQ LV
GHILQHGDVWKHSHDNVWUHVVDQGWKHFRUUHVSRQGLQJSHDNVWUDLQLQWKHVWUHVVVWUDLQFXUYHV$OWKRXJK




















 0LQLPXP FRKHVLYH HQHUJ\ DQG HTXLOLEULXP GLVWDQFH EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ
6:&17V
)URP(T  DQG(T ZH ILQG WKDW WKH IXQFWLRQV RI WKH FRKHVLYH HQHUJ\ EHWZHHQ WZR
SDUDOOHO&17VDQGWZRFURVVLQJ&17VDUHTXLWHGLIIHUHQWVLQFHWKHWZRLVVXHVDUHGLIIHUHQWDQG
WKHXQLWVRIWKHFRKHVLYHHQHUJ\DUHDOVRGLIIHUHQW
)URP RXU SUHYLRXV ZRUN =KDR HW DO D WKH QRUPDOL]HG HTXLOLEULXP GLVWDQFH Kı
EHWZHHQWZRSDUDOOHO&17VDQGWZRFURVVLQJ&17VIURP(TDQG(TLVSORWWHGLQ)LJ
 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WZR SDUDOOHO &17V DUH DOZD\V GLIIHUHQW ZLWK WKRVH
EHWZHHQWZRFURVVLQJ&17V
$V U Uĺ IRU WZR SDUDOOHO &17V DQG WZR FURVVLQJ &17V WKH QRUPDOL]HG HTXLOLEULXP
GLVWDQFHVKıDUHDQGUHVSHFWLYHO\ZKLFKDUHERWKGLIIHUHQWZLWKKı RIWZR
JUDSKHQHVKHHWV=KDRHWDOD ,QRWKHUZRUGVZKHQWZR&17VUDGLLWHQGWRLQILQLWHWKH
HTXLOLEULXP GLVWDQFHV EHWZHHQ WZR SDUDOOHO &17V RU WZR FURVVLQJ &17V DUH QHYHU XS WR WKDW
EHWZHHQWZRJUDSKHQHVKHHWV$FWXDOO\U UĺLQ(TDQG(TLVDPDWKHPDWLFDOQRQ
FRQWLQXRXV SRLQW 6LPLODU SKHQRPHQD DUH DOVR RFFXUUHG LQ RWKHU FDVHV )RU H[DPSOH LI WKH
FURVVLQJ DQJOH ȕ WHQGV WR  EHWZHHQ WZR FURVVLQJ OLQHV LQ (T  WKH HTXLOLEULXP GLVWDQFH
EHWZHHQ WKH WZR FURVVLQJ OLQHV FDQ EH QHYHU XS WR WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WKH WZR
SDUDOOHOOLQHVLQ(T,QRWKHUZRUGVWKHSRLQWDWȕ VKRXOGEHPRYHGIURP(T:LWK
WKH FURVVLQJ DQJOH GHFUHDVLQJ WR ]HUR WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR FURVVLQJ OLQHV








,W VKRXOG EH QRWHG WKDW WKH WZR FRQGLWLRQV GRQ¶W OLNH WKH GRXEOHZDOOHG&17V )RU GRXEOH
ZDOOHG &17V LI WKH UDGLL WHQG WR LQILQLW\ LQ GRXEOHZDOOHG &17V WKH HTXLOLEULXP GLVWDQFH
EHWZHHQ WKH WZR &17V VKRXOG EH VDPH ZLWK WKDW EHWZHHQ WZR JUDSKHQH VKHHWV EHFDXVH WKH
FRKHVLYH HQHUJ\SHUXQLW DUHDGLVWULEXWLRQ LV XQLIRUPDURXQG&17V+RZHYHU IRU WZRSDUDOOHO
&17V DQG WZR FURVVLQJ&17V WKH FRKHVLYH HQHUJ\ GLVWULEXWLRQ LV VWLOO QRQXQLIRUP VLQFH WKH
FXUYDWXUHVWLOOKDVHIIHFWRQ WKHHQHUJ\GLVWULEXWLRQ$OWKRXJK WKHGLIIHUHQFHRI WKHHTXLOLEULXP
GLVWDQFH LVQRW ODUJH QRUPDOO\ VPDOOHU WKDQIRU WZRSDUDOOHO&17V VPDOOHU WKDQIRU
WZRFURVVLQJ&17VLWVKRXOGEHYHU\LPSRUWDQWLQRWKHUILHOGVHJQXFOHDULQGXVWU\DHURQDXWLFV
DQGDVWURQDXWLFVSUHFLVLRQPDFKLQLQJHWF














RI U c$OOQRQERQGHG&*SRWHQWLDOVEHWZHHQ WZRSDUDOOHO&17VDUHJLYHQ LQ7DEOHV
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0RUHRYHUWKHSDUDPHWHUV.FJE.FJșDQG.FJĲRIVWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVLQ)LJ
IRUU cVKRXOGEHUHSODFHGDVWLPHVDV WKRVHRIU c7KDW LV WRVD\.FJE U






DWRP0' VLPXODWLRQV )URP VHFWLRQ  WKH  QXPEHUV &17V DUH DERXW  FDUERQ
DWRPVQPORQJSHU&17ZKLOHRQO\&*EHDGVDQG&*EHDGVDUHXVHGLQWKH&*




EXQGOHV6LQFH WKH&*EHDGPDVV LV ʌUUȡJHPF WKH WLPHVFDOH LQ WKH&*0'VLPXODWLRQVFDQ
DOVREHXVHGDVWLPHVDVWKDWRIIXOODWRP0'VLPXODWLRQV1LHOVHQHWDO7KHUHIRUHWKH












&* /- SRWHQWLDO DQG OıUUı LI WKH ER[ OHQJWK LV O DQG ODIWHU
PLQLPL]DWLRQ XVLQJ RXU WZR &*  DQG  /- SRWHQWLDOV EHWZHHQ WZR SDUDOOHO &17V
UHVSHFWLYHO\,QWKHRWKHUZRUGVWKHSUDFWLFDOGHQVLW\LV>ıUUı@DQG





)RU WKUHHGLPHQVLRQDO &17 EXFN\SDSHU WKH UHDO ER[ OHQJWK O
 VKRXOG EH HTXDO WR Oı
UUıXVLQJ&*/-SRWHQWLDODQGOıUUıLIWKHER[OHQJWKLVODQGO
DIWHU PLQLPL]DWLRQ XVLQJ RXU WZR &*  DQG  /- SRWHQWLDOV IRU WZR FURVVLQJ &17V
UHVSHFWLYHO\ ,Q WKH RWKHU ZRUGV WKH SUDFWLFDO GHQVLW\ LV >ıUUı@ DQG >ı
UUı@ WLPHVRI WKDWIURPRXUVHFRQGWZR&*QRQERQGSRWHQWLDOVUHVSHFWLYHO\ZKLOH
WKHWRWDOHQHUJ\LVVDPHZLWKWKDWIURPIXOODWRP0'VLPXODWLRQDQGGRHVQ¶WQHHGPRGLILFDWLRQ





U cFDQEHXVHG IURP7DEOHVDQG IRU&17EXQGOHVDQG IURP7DEOHV
DQGIRU&17EXFN\SDSHUDQGQHWZRUNV)RUU cWKHSDUDPHWHUVRIWKHSRWHQWLDOV
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6LQFH WKH SDUDPHWHUV RI WKH QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ
&17VDUHGLIIHUHQWVRZHVKRXOGXVHWKHQRQERQGHG&*SRWHQWLDOVEHWZHHQWZRSDUDOOHO&17V






PRGHOV 7KH H[SOLFLW H[SUHVVLRQV RI WKH &* VWUHWFKLQJ EHQGLQJ DQG WRUVLRQ SRWHQWLDOV RI
6:&17VDUHREWDLQHGEDVHGRQ WKHVWLFNVSLUDODQG WKHEHDPPRGHOV%DVHGRQRXUDQDO\WLFDO
UHVXOWV RI FRKHVLYH HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ 6:&17V WKH QRQERQGHG &*
SRWHQWLDOVEHWZHHQGLIIHUHQW&*EHDGVDUHV\VWHPDWLFDOO\DQDO\]HG7KHHIIHFWRIWKHHTXLOLEULXP
ERQG OHQJWK (%/ U RI WKH WZR&*EHDGV DQG WKH LQIOXHQFH RI WKH SRVLWLRQ EHWZHHQ WKH&*
EHDGVRQWKH&*SRWHQWLDOVDUHERWKGHWDLOHGO\GLVFXVVHG:HILQGWKDWWKHFRKHVLYHHQHUJ\DQG
HTXLOLEULXP GLVWDQFH RI (%/ U  c LV RQO\ DFFXUDWH HQRXJK IRU WKH QRQVWDJJHUHG SRVLWLRQ
EHWZHHQWZR&*EHDGVZKLOHWKHHQHUJ\DQGGLVWDQFHRIU cDUHDOZD\VDFFXUDWHHQRXJKIRU
QRQVWDJJHUHG DQG VWDJJHUHG SRVLWLRQ EHWZHHQ WZR &* EHDGV &KHFNLQJ DJDLQVW IXOO DWRP
PROHFXODUG\QDPLFVFDOFXODWLRQVDQGRXUDQDO\WLFDOUHVXOWVVKRZVWKDWWKHSUHVHQW&*SRWHQWLDOV
KDYHKLJKDFFXUDF\
7KH WZR QRQERQGHG &* PRGHOV RI U  c DUH GHYHORSHG LQ WKLV SDSHU 7KH QRQERQGHG
SDUDPHWHUV RI WKH ILUVW PRGHO DUH REWDLQHG E\ ILWWLQJ WKH PLQLPXP FRKHVLYH HQHUJ\ DQG WKH
FRUUHVSRQGLQJ HTXLOLEULXP GLVWDQFH ZKLFK DUH HIIHFWLYH DW WKH GLVWDQFH ZKLFK LV FORVH WR WKH
HTXLOLEULXP GLVWDQFH EHWZHHQ WZR &* EHDGV 7KH DGYDQWDJH RI WKH PRGHO LV WKDW QR
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$UUR\R 0 %HO\WVFKNR 7  /DUJH GHIRUPDWLRQ DWRPLVWLFEDVHG FRQWLQXXP DQDO\VLV RI FDUERQ QDQRWXEHV
$,$$




&DUQIRUG 6 %XHKOHU 0-  ,Q VLOLFR DVVHPEO\ DQG QDQRPHFKDQLFDO FKDUDFWHUL]DWLRQ RI FDUERQ QDQRWXEH
EXFN\SDSHU1DQRWHFKQRORJ\
&DUQIRUG 6 <DR + 2UWL] & %XHKOHU 0-  $ VLQJOH GHJUHH RI IUHHGRP µOROOLSRS¶ PRGHO IRU FDUERQ
QDQRWXEHEXQGOHIRUPDWLRQ-0HFK3K\V6ROLGV
&KDQJ 7 *DR +  6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI D VLQJOHZDOOHG FDUERQ QDQRWXEH YLD DPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV




&KDQJ 7  $PROHFXODU EDVHG DQLVRWURSLF VKHOO PRGHO IRU VLQJOHZDOOHG FDUERQ QDQRWXEHV -0HFK 3K\V
6ROLGV
)DXORQ -/  6WRFKDVWLF JHQHUDWRU RI FKHPLFDO VWUXFWXUH  %XLOGLQJ SRO\PHULF V\VWHPV ZLWK VSHFLILHG
SURSHUWLHV-&RPSXW&KHP





+H;4.LWLSRUQFKDL 6 /LHZ.0 %XFNOLQJ DQDO\VLV RIPXOWLZDOOHG FDUERQ QDQRWXEHV D FRQWLQXXP
PRGHODFFRXQWLQJIRUYDQGHU:DDOVLQWHUDFWLRQ-0HFK3K\V6ROLGV







-LDQJ /< +XDQJ < -LDQJ + 5DYLFKDQGUDQ * *DR + +ZDQJ .& /LX %  $ FRKHVLYH ODZ IRU
FDUERQQDQRWXEHSRO\PHULQWHUIDFHEDVHGRQWKHYDQGHU:DDOVIRUFH-0HFK3K\V6ROLGV
.LV$ &VDQ\L* 6DOYHWDW -3 /HH71 &RXWHDX (.XOLN $- %HQRLW: %UXJJHU - )RUUR / 
5HLQIRUFHPHQWRIVLQJOHZDOOHGFDUERQQDQRWXEHEXQGOHVE\LQWHUWXEHEULGJLQJ1DW0DWHU






/L < .U|JHU 0  9LVFRHODVWLFLW\ RI FDUERQ QDQRWXEH EXFN\SDSHU ]LSSLQJXQ]LSSLQJ PHFKDQLVP DQG
HQWDQJOHPHQWHIIHFWV6RIW0DWWHU

















:DQJ & ;LH % /LX < ;X =  0HFKDQRWXQDEOH PLFURVWUXFWXUHV RI FDUERQ QDQRWXEH QHWZRUNV $&6
0DFUR/HWWí










=KDR+0LQ. $OXUX 5  6L]H DQG FKLUDOLW\ GHSHQGHQW HODVWLF SURSHUWLHV RI JUDSKHQH QDQRULEERQV XQGHU
XQLD[LDOWHQVLRQ1DQR/HWW




=KDR - *XR : 5DEF]XN 7  $Q DQDO\WLFDO PROHFXODU PHFKDQLFV PRGHO IRU WKH HODVWLF SURSHUWLHV RI
FU\VWDOOLQHSRO\HWK\OHQH-$SSO3K\V
=KDR - -LDQJ -: -LD<*XR: 5DEF]XN 7 D $ WKHRUHWLFDO DQDO\VLV RI FRKHVLYH HQHUJ\ EHWZHHQ
FDUERQQDQRWXEHVJUDSKHQHDQGVXEVWUDWHV&DUERQ


















EHWZHHQ WKHP7KHGHSHQGHQFHRI WKHELQGLQJHQHUJ\RQ WKHLUGLDPHWHUVQXPEHURIZDOOVDQG
FURVVLQJ DQJOHV LV V\VWHPDWLFDOO\ DQDO\]HG7KH FULWLFDO OHQJWK IRU WKHPHFKDQLFDO VWDELOLW\ DQG
DGKHVLRQRIWKH&17VKDVEHHQGHWHUPLQHGE\WKHIXQFWLRQRI(L,LKDQGȖZKHUH(L,LKDQGȖDUH
WKH&17VEHQGLQJ VWLIIQHVV GLVWDQFH DQGELQGLQJ HQHUJ\EHWZHHQ WKHP&KHFNLQJ DJDLQVW IXOO
DWRPPROHFXODUG\QDPLFVFDOFXODWLRQVVKRZWKDWWKHFRQWLQXXPVROXWLRQKDVKLJKDFFXUDF\7KH




HQDEOH WKHP KLJKO\ SRWHQWLDO DQG LGHDO FDQGLGDWHV IRU PXOWLIDULRXV DSSOLFDWLRQV ,LMLPD 
%DXJKPDQHWDO0RGLHWDO&17H[LVWVLQVHYHUDOVWUXFWXUHVIRUPVVXFKDVVLQJOH
ZDOOHG&17V 6:&17VPXOWLZDOOHG&17V 0:&17VEXQGOHVDQGQHWZRUNV $MD\DQDQG
%DQKDUW%URQLNRZVNL7KHPHFKDQLFDOSURSHUWLHVRI6:&17VDQG0:&17VKDYH
EHHQH[WHQVLYHO\VWXGLHGLQSUHYLRXVZRUN<DNREVRQHWDO&KDQJDQG*DR/LDQG
&KRX  /L DQG*XR  5HFHQWO\ WKH &17 QHWZRUNV KDYH EHHQ WDNHQ DV D SRWHQWLDO
VDYLQJHQHUJ\PDWHULDO;LHHWDOZKLOHWKH&17EXQGOHVKDYHSRWHQWLDODSSOLFDWLRQVLQ
QDQRFRPSRVLWHVPDWHULDOV ,Q WKH V\QWKHVLVRI&17EXQGOHV DQGQHWZRUNV WKHLU IRUPDWLRQ LV D
FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO$WWKHQDQRVFDOHWKHZHDNYDQGHU:DDOV
YG: LQWHUDFWLRQV JRYHUQ WKH VWUXFWXUDO RUJDQL]DWLRQ DQG WKH PHFKDQLFDO SURSHUWLHV RI &17




EXQGOHVDQGQHWZRUNV 5X=KRXHWDO&UDQIRUGHW DO7KHUHIRUH D
FOHDU XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV LQ WKHVH V\VWHPV LV FUXFLDO IRU WKHLU SRWHQWLDO
DSSOLFDWLRQV LQ WKH QDQRHOHFWURPHFKDQLFDO V\VWHPV DQG HOHFWURQLF GHYLFHV 7KH VHOIIROGLQJ RI
6:&17V0:&17VPXOWLOD\HUJUDSKHQHVKHHWVKDYHEHHQLQYHVWLJDWHGDQGWKHEXQGOHSDWWHUQ




,Q WKLV OHWWHU WKH ELQGLQJ HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG WZR FURVVLQJ 6:&17V DQG
0:&17VLVREWDLQHGIURPDFRQWLQXXPPRGHOEDVHGRQWKH/HQQDUG-RQHV/-SRWHQWLDO7KH
DQDO\WLFDOH[SUHVVLRQVDUHYDOLGDWHGE\FRPSDULQJZLWKRXUIXOODWRPPROHFXODUG\QDPLFV0'
VLPXODWLRQV7KHFULWLFDO OHQJWKIRU WKHPHFKDQLFDOVWDELOLW\DQGDGKHVLRQRI WKH WZR&17VKDV
EHHQDOVRGHWHUPLQHG
5HVXOWVDQGGLVFXVVLRQ
)LJ  VKRZV WKH WZR SDUDOOHO&17V )LJ E DQG WZR FURVVLQJ&17V )LJ F XQGHU
DGKHUHQWFRQGLWLRQVLQZKLFKWKHWZR&17UDGLLFRXOGEHGLIIHUHQW7RGHWHUPLQHWKHFULWLFDODQG
VWDEOH OHQJWKZKHUH WKH WZR&17VGRQRWFRQWDFW WRJHWKHUDQDQDO\WLFDOPRGHO LVSUHVHQWHG LQ
WKLV SDSHU DQG WKH FRUUHVSRQGLQJ JHRPHWU\ RI WKH SUREOHP LV SORWWHG LQ )LJ  6RPH
DVVXPSWLRQVDUHSURSRVHGWRVLPSOLI\WKHSUREOHP7KHWZR&17VDUHWDNHQDVWZRFDQWLOHYHU
EHDPV DQG WKH VKHDU GHIRUPDWLRQ LV QHJOHFWHG  7KH FORVHVW GLVWDQFH EHWZHHQ WKH DGKHUHQW
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6:&17V DQG WZR VDPH FURVVLQJ 6:&17V XVLQJ (T  (T  DQG IXOO DWRP 0'




E VKRZV WKH DQDO\WLFDO ELQGLQJ HQHUJ\ EHWZHHQ WZR GLIIHUHQW SDUDOOHO 6:&17V DQG WZR
GLIIHUHQWFURVVLQJ6:&17V
)LJVKRZVD6:&17SDUDOOHO WRD0:&17:HDVVXPHWKDW WKHGLVWDQFHEHWZHHQDQ\
WZR QHLJKERU &17V LQ WKH0:&17 LV  c %DVHG RQ (T  DQG (T  WKH FRKHVLYH
HQHUJ\EHWZHHQWKHLWK&17LQWKH0:&17DQGD6:&17VKRXOGEHHDVLO\REWDLQHGDV
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WKH SUHVHQW DQDO\WLFDO UHVXOWV DUH LQ JRRG DJUHHPHQWZLWK WKRVH IURP0' VLPXODWLRQV IRU WZR
SDUDOOHO  &17V LQ )LJ E )LJ  VKRZV WKH FULWLFDO OHQJWK DQG VWDEOH OHQJWK IRU WZR
SDUDOOHO 0:&17V DQG WZR FURVVLQJ 0:&17V EDVHG RQ RXU DQDO\WLFDO UHVXOWV )RU D JLYHQ
GLVWDQFH WKH GLVWDQFH EHWZHHQ WKH WZR RXWPRVW &17V LQ WKH WZR0:&17V )LJ  WKH
FULWLFDOOHQJWKDQGVWDEOHOHQJWKERWKQRQOLQHDUO\LQFUHDVHZLWKLQFUHDVLQJQXPEHURIZDOOV
&RQFOXVLRQ
,Q VXPPDU\ WKHELQGLQJHQHUJ\EHWZHHQ WZRSDUDOOHO DQG WZRFURVVLQJ VLQJOHZDOOHG DQG
PXOWLZDOOHG FDUERQ QDQRWXEHV &17V LV REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YG:
LQWHUDFWLRQVEHWZHHQWKHP7KHGHSHQGHQFHRIWKHELQGLQJHQHUJ\RQWKHLUGLDPHWHUVQXPEHURI
ZDOOV DQG FURVVLQJ DQJOHV LV V\VWHPDWLFDOO\ DQDO\]HG 7KH FULWLFDO OHQJWK IRU WKH PHFKDQLFDO
VWDELOLW\DQGDGKHVLRQRIWKH&17VKDVEHHQGHWHUPLQHGE\WKHIXQFWLRQRI(L,LKDQGȖZKHUH
(L,L K DQG Ȗ DUH WKH &17V EHQGLQJ VWLIIQHVV GLVWDQFH DQG ELQGLQJ HQHUJ\ EHWZHHQ WKHP
&KHFNLQJDJDLQVW IXOO DWRPPROHFXODUG\QDPLFV FDOFXODWLRQV VKRZ WKDW WKHFRQWLQXXPVROXWLRQ





















.LV$ &VDQ\L* 6DOYHWDW -3 /HH71 &RXWHDX (.XOLN $- %HQRLW: %UXJJHU - )RUUR / 
5HLQIRUFHPHQWRIVLQJOHZDOOHGFDUERQQDQRWXEHEXQGOHVE\LQWHUWXEHEULGJLQJ1DW0DWHU




























6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI FU\VWDOOLQH SRO\PHUV YLD D PROHFXODU
PHFKDQLFVPRGHO
$EVWUDFW
$Q DQDO\WLFDOPROHFXODUPHFKDQLFVPRGHO LV GHYHORSHG WR REWDLQ WKH VL]HGHSHQGHQW HODVWLF












RI LWV PHFKDQLFDO SURSHUWLHV LV VWLOO QRW ZHOO HVWDEOLVKHG ,Q RUGHU WR RYHUFRPH OLPLWDWLRQV RI
DWRPLVWLF VLPXODWLRQV DQG FRQWLQXXP PRGHOV D ³VWLFNVSLUDO´ PRGHO &KDQJ DQG *DR 
EDVHGRQLQWHUDWRPLFSRWHQWLDOVKDVEHHQHIIHFWLYHO\GHYHORSHGIRUGLIIHUHQWQDQRWXEHV&KDQJHW
DO-LDQJDQG*XR+RZHYHUWKHYDQGHU:DDOVYG:LQWHUDFWLRQVKDYHDFUXFLDO
HIIHFW RQ WKH HODVWLF SURSHUWLHV LQ FU\VWDOOLQH3( )LJ ZKLOH WKH YG: LQWHUDFWLRQV FDQ EH
QHJOHFWHGLQWKH³VWLFNVSLUDO´PRGHO&KDQJDQG*DR-LDQJDQG*XRLQYLHZRIWKH
VPDOO GHIRUPDWLRQ LQ D VLQJOHZDOOHG QDQRWXEH 7R H[WHQG WKH DQDO\WLFDO PRGHO WR PRUH
FRPSOLFDWHGSRO\PHUVZHSUHVHQWDQ LPSURYHGPRGHO WR LQYHVWLJDWH WKHVL]HGHSHQGHQWHODVWLF
SURSHUWLHVRIFU\VWDOOLQH3(












,Q WKH IUDPHZRUN RI PROHFXODU G\QDPLFV WKH WRWDO HQHUJ\8 RI D FU\VWDOOLQH 3( DW VPDOO
VWUDLQVDORQJ]GLUHFWLRQFDQEHH[SUHVVHGDVDVXPRIHQHUJLHVDVVRFLDWHGZLWKWKHYDULDQFHRI
ERQGOHQJWK8EDQGERQGDQJOH8șLH&KDQJDQG*DR
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LQWHUDFWLQJ DWRPV WKH GHSWK RI WKH SRWHQWLDO DQG ı D SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH
HTXLOLEULXPGLVWDQFH+HUHZHXVH WKHDYDOLDEOH/-SRWHQWLDO¶VSDUDPHWHUVRIı c DQG
 .FDOPRO:DKHHG6KHSKHUG
7KH YG: IRUFH )YG: FDQ EH REWDLQHG IURP WDNLQJ WKH GHULYDWLYH RI WKH /- SDLU SRWHQWLDO
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FRQVLGHU WKH FKDLQ DV D VWUDLJKW FRQWLQXXP VWLFN +H HW DO  DQG QRWH WKDW HDFK EHDG
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WZRSRO\PHUFKDLQVSLM LV WKHIRUFHSHUXQLW OHQJWKRIDFKDLQ%HFDXVH WKHGLVWULEXWLRQVRI WKH
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 DV WKH LQLWLDO 8$ VWUXFWXUH $IWHUZDUGV WKH QLQH LQGHSHQGHQW HODVWLF FRQVWDQWV DUH
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DQDO\WLFDO PRGHO LV EDVHG RQ WKH 8$ SRWHQWLDOV LQ ZKLFK WKH WRUVLRQ SRWHQWLDO RXWRISODQH
EHQGLQJ SRWHQWLDOV DQG FRXORPE LQWHUDFWLRQV DUH QHJOHFWHG 7KHUHIRUH ZH VKRXOG FRPSDUH
SUHVHQWDQDO\WLFDOPRGHOZLWK8$0'VLPXODWLRQV&RPSDUHGZLWKWKHWZR8$0'UHVXOWVXVLQJ
DOOSRWHQWLDOVDQGWKHSXUH/-SRWHQWLDOLQ7DEOHZHILQGWKDWWKHGLIIHUHQFHRIWKHYDOXHVRI
&&&&DQG&DUHODUJH ,W LQGLFDWHVWKDW WKHERQGDQGDQJOHSRWHQWLDOVKDYHDODUJH
HIIHFW RQ WKHVH HODVWLF FRQVWDQWV 7KH SUHVHQW DQDO\WLFDO UHVXOW &  *3D LV LQ H[FHOOHQW




0'PHWKRG ZKLOH WKH GLIIHUHQFH RI& DQG& DUH YHU\ ODUJH ,W LQGLFDWHV WKDW WKH SUHVHQW










ODWWLFH GLUHFWLRQ :KHQ /F! DOO RI WKH HODVWLF FRQVWDQWV DUH FORVH WR WKH FRUUHVSRQGLQJ
FRQVWDQWVLQ)LJUHVSHFWLYHO\
&RQFOXGLQJUHPDUNV




FDQ EH XVHG WR HIIHFWLYHO\ VLPXODWH WKH YDQ GHU:DDOV LQWHUDFWLRQV EHWZHHQ DQ\ WZR SRO\PHU
FKDLQV 7KLVZRUN LV DQ QHZ HIIRUW WR HVWDEOLVK DQDO\WLFDOPRGHOV RIPROHFXODUPHFKDQLFV IRU
FU\VWDOOLQH SRO\PHUV DQG LV KHOSIXO IRU IXUWKHU DQDO\WLFDO VWXGLHV RI HODVWLF SURSHUWLHV RI RWKHU
FU\VWDOOLQHSRO\PHUV
5HIHUHQFHV
$YLWDELOH * 1DSROLWDQR 1 3LUR]]L % 5RXVH .' 7KRPDV0::LOOLV %70  /RZ WHPSHUDWXUH
FU\VWDOVWUXFWXUHRISRO\HWK\OHQH5HVXOWVIURPDQHXWURQGLIIUDFWLRQVWXG\DQGIURPSRWHQWLDOHQHUJ\FDOFXODWLRQV-
3RO\PHU6FL3RO\P/HWW(G




&KDQJ 7 *HQJ - *XR ;  &KLUDOLW\ DQG VL]HGHSHQGHQW HODVWLF SURSHUWLHV RI VLQJOHZDOOHG FDUERQ
QDQRWXEHV$SSO3K\V/HWW

































$ FRPSDUDWLYH VWXG\ RI WZR PROHFXODU PHFKDQLFV PRGHOV EDVHG RQ WKH
KDUPRQLFSRWHQWLDOV
$EVWUDFW
:H VKRZ WKDW WKH WZRPROHFXODUPHFKDQLFVPRGHOV WKH VWLFNVSLUDO DQG WKH EHDPPRGHOV
SUHGLFWFRQVLGHUDEO\GLIIHUHQWPHFKDQLFDOSURSHUWLHVRIPDWHULDOVEDVHGRQHQHUJ\HTXLYDOHQFH
7KHGLIIHUHQFHEHWZHHQ WKH WZRPRGHOV LV LQGHSHQGHQWRI WKHPDWHULDOVVLQFHDOOSDUDPHWHUVRI
WKHEHDPPRGHODUHREWDLQHGIURPWKHKDUPRQLFSRWHQWLDOV:HGHPRQVWUDWHWKLVGLIIHUHQFHIRU
ILQLWH ZLGWK JUDSKHQH QDQRULEERQV DQG D VLQJOH SRO\HWK\OHQH FKDLQ FRPSDULQJ UHVXOWV RI WKH
PROHFXODUG\QDPLFV0'VLPXODWLRQVZLWKKDUPRQLFSRWHQWLDOVDQG WKHILQLWHHOHPHQWPHWKRG
ZLWKWKHEHDPPRGHO:HDOVRILQGWKDW WKHGLIIHUHQFHVWURQJO\GHSHQGVRQWKHORDGLQJPRGHV
FKLUDOLW\DQGZLGWKRI WKHJUDSKHQHQDQRULEERQVDQG LW LQFUHDVHVZLWKGHFUHDVLQJZLGWKRI WKH
QDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ7KHPD[LPXPGLIIHUHQFHRIWKHSUHGLFWHGPHFKDQLFDO
SURSHUWLHV XVLQJ WKH WZRPRGHOV FDQ H[FHHG LQ GLIIHUHQW ORDGLQJPRGHV&RPSDULQJ WKH





+DUPRQLF SRWHQWLDOV KDYH EHHQ H[WHQWLYHO\ XVHG WR LQYHVWLJDWH WKHPHFKDQLFDO DQG SK\VLFDO
SURSHUWLHV RI YDULRXV PDWHULDOV LQ PROHFXODU PHFKDQLFV PRGHOV VXFK DV FDUERQ QDQRWXEHV
&17V ERURQQLWULGH QDQRWXEHV %17V JUDSKHQH VKHHWV DQG SRO\PHUV &KRSUD HW DO 
&KDQJDQG*DR/LDQG&KRX=KDRHWDO=KDRHWDO-LDQJDQG*XR
$WRPLVWLFEDVHGPHWKRGVVXFKDVFODVVLFDO0',LMLPDHWDO<DNREVRQHWDO
WLJKWELQGLQJ0' +HUQDQGH] HW DO  =KDR HW DO D DQG GHQVLW\ IXQFWLRQDO WKHRU\
6DQFKH]3RUWDOHWDO=KDQJHWDO=KDQJDQG*XRKDYHEHHQXVHGWRVWXG\





















KDYH FLUFXODU FURVV VHFWLRQV DQG DUH DOZD\V VXEMHFWHG WR SXUH WHQVLRQ SXUH EHQGLQJ DQG SXUH
WRUVLRQ7KH WKHRU\ZDV IXUWKHU LPSURYHG 7VHUSHV DQG3DSDQLNRV;LD HW DO 7R
.DVWL-LDQJHWDODQGH[WHQGHG WRFDOFXODWH WKH ILYH LQGHSHQGHQWVL]HDQG
FKLUDOLW\GHSHQGHQWHODVWLFPRGXOLRIVLQJOHZDOOHG&17VXVLQJHTXLYDOHQWEHDPHOHPHQWVZLWK
UHFWDQJXODU VHFWLRQ /L DQG*XR 7KH ³VWLFNVSLUDO´PRGHO 660ZDV GHYHORSHGE\
&KDQJDQG*DR$QLPSURYHGPRGHOE\-LDQJDQG*XRZDVXVHGWRLQYHVWLJDWHWKH
HODVWLF SURSHUWLHV RI VLQJOHZDOOHG ERURQ QLWULGH QDQRWXEHV %\ H[WHQGLQJ WKH WZR DQDO\WLFDO










.DVWL  IRXQG WKDW WKH EHDP EHQGLQJ VWLIIQHVV %%6 (,E ZKHUH ( LV WKH <RXQJ¶V
PRGXOXVE LV WKHEHDP OHQJWKDQG , LV WKHPRPHQWRI LQHUWLDRI WKHEHDPVHHVHFWLRQ LV
HTXDO WR WKH ERQG EHQGLQJ VWLIIQHVV .ș ZKLFK LV WKH ERQG DQJOH EHQGLQJ IRUFH FRQVWDQW VHH
VHFWLRQ  LQ ]LJ]DJ&17VZKLOH WKH%%6EHDPEHQGLQJ VWLIIQHVV LV RQO\ KDOI RI WKH ERQG
EHQGLQJ VWLIIQHVV.ș LQJUDSKHQH QDQRULEERQV7KLV GLVFRYHU\ZDV YHULILHG LQ WKH]LJ]DJ&17
DQGJUDSKHQHVKHHWEDVHGRQHQHUJ\HTXLYDOHQFH
$OWKRXJK WKH 660 DQG WKH EHDPPRGHOV KDYH EHHQ HIIHFWLYHO\ XVHG WR GHVFULEH WKH HODVWLF
SURSHUWLHVRI&17V%17VDQGJUDSKHQHVKHHWV/LDQG&KRX.DVWL/LDQG
*XR  -LDQJ DQG *XR  WKH GLIIHUHQFH RI WKHLU SUHGLFWLRQ DELOLW\ KDV QHYHU EHHQ
V\VWHPDWLFDOO\VWXGLHG
,Q WKLV SDSHUZH VWXG\ WKHPHFKDQLFDO SURSHUWLHV RI WKH ILQLWHZLGWK JUDSKHQH QDQRULEERQV
XQGHU GLIIHUHQW ORDGLQJ FRQGLWLRQV XVLQJ WKH WZR PRGHOV )LUVW ZH FRQVLGHU WKH 660 XQGHU
GLIIHUHQFH ORDGLQJFRQGLWLRQV7KHQ WKH%%6RI WKHJUDSKHQHQDQRULEERQV LVGHULYHG IURP WKH
HQHUJ\ HTXLYDOHQFH EHWZHHQ WKH WZRPRGHOV:H VKRZ WKDW WKH%%6 VWURQJO\ GHSHQGV RQ WKH
ORDGLQJ PRGHV DQG WKH FKLUDOLW\ LQ WKH ILQLWH ZLGWK JUDSKHQH QDQRULEERQV 7KH FORVHGIRUP
H[SUHVVLRQVRIWKHEHQGLQJVWLIIQHVVDUHGHULYHGXQGHUXQLIRUPWHQVLRQSXUHVKHDUSXUHEHQGLQJ
ORDGLQJ IRUFH FRXSOLQJ IRUFH DQG EHQGLQJ FRQGLWLRQV0RUHRYHU WKH%%6 RI WKH EHDPPRGHO
XQGHUGLIIHUHQW ORDGLQJ FRQGLWLRQV LV V\VWHPDWLFDOO\ VWXGLHG LQ WKH JUDSKHQHQDQRULEERQVXVLQJ
WKH 0' VLPXODWLRQ ZLWK SUHVHQW KDUPRQLF SRWHQWLDOV &KDQJ DQG *DR  DQG WKH )(
VLPXODWLRQ )LQDOO\ WKH UHVXOWV RI WKH 0' VLPXODWLRQ ZLWK KDUPRQLF SRWHQWLDOV DQG WKH )(
PHWKRGDUHFRPSDUHGZLWKWKRVHRIWKH0'UHVXOWVZLWK$,5(%2SRWHQWLDO
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 7KH FRPSDULVRQ EHWZHHQ VWLFNVSLUDO DQG EHDP PRGHOV XQGHU WKH FRXSOLQJ IRUFH DQG
PRPHQW
0RVW UHVHDUFKHUV FDOFXODWHG WKHHODVWLFSURSHUWLHVRI&17VDQGJUDSKHQH QDQRULEERQVXQGHU
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ZKHUHE E E) )GβDQGGβDUHWKHDQJOHLQFUHPHQWV
7KHWRWDOHQHUJ\RIWKHVWLFN87FDQEHZULWWHQDV
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ZKHUH1 )VLQ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ZKHUH1 )FRVĮE









VWURQJO\ GHSHQGV RQ WKH ORDGLQJ FRQGLWLRQ DQG LV LQ WKH UDQJH RI .ș (,E.ș IRU WKH




E ,W DOVR VWURQJO\ GHSHQGV RQ WKH ORDGLQJ FRQGLWLRQ :KHQ 10   (,E .ș ZKHQ
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DQGPRPHQW7KRVH UHVXOWV DUH TXLWH GLIIHUHQW WR WKH0' UHVXOWZKHQZHXVH WKH%%6RI WKH
]LJ]DJJUDSKHQHVKHHWLQ(T)RUH[DPSOHWKHYDOXHRI<V*3DQPLVDERXWWLPHV
RIWKH0'UHVXOWXVLQJ(,E .șXQGHUSXUHEHQGLQJFRQGLWLRQ10ĺ7KHYDOXHRI<V
*3D QP LV LGHQWLFDOZLWK0' UHVXOW IRU(,E .ș XQGHU ORDGLQJ IRUFH 10ĺRU  RU
XQLD[LDOWHQVLRQFRQGLWLRQV:KHQ10ĺLQ(T(,EĺOHDGVWRWKHPD[LPXP<V *3













OD\HUV PRYH  ǖ DORQJ WKH [ RU \GLUHFWLRQ DW HDFK WLPH VWHS UHVSHFWLYHO\ DQG HYHU\ 
EHQGLQJ GHJUHH DW HDFK WLPH VWHS IRU SXUH EHQGLQJ H[FHSW IRU DUPFKDLU /:  HYHU\ 
EHQGLQJ GHJUHH DW HDFK WLPH LQ YLHZ RI WKH ODUJH IOXFWXDWLRQ $IWHUZDUGV WKH VWUXFWXUH LV
RSWLPL]HG IRU HDFK GLVSODFHPHQW LQFUHPHQW DQG WKH RSWLPL]HG VWUXFWXUH LV WDNHQ DV WKH LQLWLDO
JHRPHWU\IRU WKHQH[WFDOFXODWLRQV7KHHQHUJ\PLQLPL]DWLRQLVSHUIRUPHGXVLQJWKHFRQMXJDWH























FDUERQ DQG FDUERQ LV DGRSWHG DV
 
/-8 U U
V Vª º§ · § ·  « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼
&KDQJ  /L DQG*XR 
ZKHUH U LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV WKH GHSWK RI WKH SRWHQWLDO DQG ı D
SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH HTXLOLEULXP GLVWDQFH :H XVH ı  c DQG 
 î-.ROPRJRURYHWDO9RGHQLWFKDURYDDQG=KDQJ+HHWDO
&KDQJ
,QRXU0'VLPXODWLRQV WKHVWUHVVPHWKRGDQGHQHUJ\PHWKRGDUHERWKXVHG WR FDOFXODWH WKH
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
ZKHUH9LVWKHFXUUHQWYROXPHRIWKHJUDSKHQHVKHHWPLLVWKHPDVVRIDWRPLYLLVWKHYHORFLW\ULM
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7KH WRWDO HQHUJ\ IRU GLIIHUHQW WHQVLOH DQG VKHDU VWUDLQV LV SORWWHG LQ )LJ D 7KH VXUIDFH
WHQVLOH RU VKHDU VWUHVVHV REWDLQHG IURP(T  DUH SORWWHG LQ)LJ E1RWH WKDW WKH VXUIDFH
VWUHVVLVWKHVWUHVVPXOWLSOLHGE\WKHWKLFNQHVVWRIWKHJUDSKHQHVKHHW'HILQLQJWKHVXUIDFHWHQVLOH




&KDQJDQG*DR.DVWL/L DQG*XR)LJ EDOVR VKRZV WKDW WKH VXUIDFH
VWUHVVVWUDLQ FXUYHV RI WKH VWUHVVPHWKRG DUH LQ YHU\ JRRG DJUHHPHQWZLWK WKRVH RI WKH HQHUJ\
PHWKRG 2XU 0' UHVXOWV DJUHH ZLWK WKRVH RI WKH DYDLODEOH DQDO\WLFDO PRGHOV VHH )LJ E
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&KDQJ DQG*DR  /L DQG*XR  7KH HQHUJ\PHWKRG LV DGRSWHG WR REWDLQ DOO0'
UHVXOWVLQWKHIROORZLQJWH[W
)LQLWHHOHPHQWPHWKRGEDVHGRQWKHEHDPPRGHO
7KH )( EHDP VWUXFWXUHV RI JUDSKHQH VKHHWV FDQ EH HDVLO\ EXLOW IURP WKH FRRUGLQDWHV RI WKH
JUDSKHQH0'PRGHOV)LJ





7KH VXUIDFH VWUHVVVWUDLQ FXUYHV DORQJ GLIIHUHQW GLUHFWLRQV IRU ( 73D Y  DQG
(,E .ș DUH SORWWHG LQ )LJ  7KH GLIIHUHQFH RI WKH VWUHVVVWUDLQ FXUYHV EHWZHHQ WKH












$VVKRZQ LQ)LJ WKHHIIHFWRI WKHEHDP<RXQJ¶VPRGXOXVRQ WKHVXUIDFHVWUHVVVWUDLQ
FXUYHV LV DOVR YHU\ VPDOO /L DQG *XR¶V UHVXOWV DUH EHWZHHQ WKH SUHVHQW WZR FXUYHV DOWKRXJK
.E Q1QPDQG.ș Q1QPLVFKRVHQLQWKHLUOLWHUDWXUH/LDQG*XR









)LJ DSORWV WKH VXUIDFH WHQVLOH VWUHVV UDWLRVEHWZHHQ WKH0'VLPXODWLRQVZLWKKDUPRQLF
SRWHQWLDOVDQG)(UHVXOWVEDVHGRQWKHEHDPPRGHOXQGHUXQLD[LDOWHQVLRQ$OOWKHUDWLRVDUHFORVH
WR IRUGLIIHUHQW/: LQ WKH DUPFKDLU DQG WKH]LJ]DJ JUDSKHQHQDQRULEERQV ,WPHDQV WKDW WKH




PD[LPXP UDWLRV UHDFK YDOXHV XS WR  LQ WKH DUPFKDLU QDQRULEERQV DQG  LQ WKH ]LJ]DJ























DDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: H]LJ]DJ/: I
]LJ]DJ/: 
)RUDOOVKHHWVWKHERQGOHQJWKDQGWKHERQGDQJOHVLQWKHPLGGOHUHJLRQVFKDQJHZHDNO\ZKLOH
WKH ERQG OHQJWK LQ WKH XSSHU DQG WKH ORZHU UHJLRQV LV VKDUSO\ HORQJDWHG DQG VKRUWHQHG
UHVSHFWLYHO\ )LJ G LQGLFDWHV WKDW DOO WKH ERQG OHQJWK FKDQJH FRQVLGHUDEO\ LQ WKH QDUURZ
]LJ]DJ VKHHW ZKLOH WKH ERQG OHQJWK GRHV QRW FKDQJH LQ WKH QDUURZ DUPFKDLU VKHHW )URP WKH
DUPFKDLUVKHHWVLQ)LJZHILQGWKDWWKHERQGVENN ÂÂÂDUHSDUHOOHOWRWKH
GHIRUPHGD[LDO:KHQ WKHDUPFKDLU VKHHWV DUHXQGHUSXUHEHQGLQJ WKHERQGVEN LQ WKHPLGGOH
SDUWVRIWKHVKHHWVDUHDOZD\VXQGHUSXUHEHQGLQJ7KHUHIRUHWKHUDWLRP 1E1WF LQFUHDVHVZLWK






























'  ¦                                                                                          
ZKHUHșLL DUHWKHWKUHHDQJOHVDURXQGWKHDWRP LDWDJLYHQEHQGLQJDQJOHDQGșLVWKH
LQLWLDODQJOHRIGHJUHHV
7KH ERQG OHQJWK DQG WKH DYHUDJH DQJOH YDULDWLRQ FKDQJHZHDNO\ LQ WKHPLGGOH UHJLRQV DQG
VKDUSO\ LQ WKH XSSHU DQG ORZHU UHJLRQV ,W LQGLFDWHV WKDW WKH PLGGOH UHJLRQV RI DOO JUDSKHQH
QDQRULEERQV DUH DOZD\V VXEMHFWHG WR EHQGLQJ ZKLOH WKH XSSHU DQG ORZHU UHJLRQV DUH PDLQO\
XQGHU WHQVLRQ RU FRPSUHVVLRQ UHVSHFWLYHO\ :LWK LQFUHDVLQJ ZLGWK WHQVLRQ DQG FRPSUHVVLRQ
GRPLQDWH WKH EHQGLQJ SURSHUWLHV RI WKH JUDSKHQH QDQRULEERQV VHH )LJV F DQG I RU )LJV
F DQG I &RQYHUVHO\ ZLWK GHFUHDVLQJ ZLGWK EHQGLQJ RU FRXSOLQJ WHQVLRQFRPSUHVVLRQ
EHQGLQJGRPLQDWHWKHEHQGLQJSURSHUWLHVRIWKHQDQRULEERQVVHH)LJVDDQGGRU)LJVD
DQG G )URP RXU DQDO\VLV LQ VHFWLRQ  WKH %%6 (,E .ș VKRXOG EH XVHG LQ XQLD[LDO
WHQVLRQFRPSUHVVLRQVKHDU ZKLOH %%6 (,E .ș LQ SXUH EHQGLQJ VKRXOG EH XVHG IRU







)LJ  LOOXVWUDWHV WKH EHQGLQJPRPHQW UDWLRV IRU JUDSKHQH QDQRULEERQV IRU GLIIHUHQW%%6
(,E7KHUDWLRLVFORVHWRZKHQ(,E .șLVXVHGLQRXU)(FDOFXODWLRQZLWK/: LQ)LJ
DZKLFKSHUIHFWO\YDOLGDWHVRXUDQDO\WLFDOUHVXOWLQVHFWLRQ)XUWKHUPRUH(,E .șFDQEH




JUDSKHQH QDQRULEERQV XQGHU SXUH EHQGLQJ RU WHQVLOHEHQGLQJ PRGHV :KHQ WKH ZLGWK RI WKH
DUPFKDLU JUDSKHQH VKHHWV EHFRPHV VPDOO HQRXJK /: (,E .ș GHVFULEHV WKH EHQGLQJ
EHKDYLRU H[FHOOHQWO\ XQGHU SXUH EHQGLQJ :LWK LQFUHDVLQJ ZLGWK .ș(,E.ș DQG
.ș(,E VKRXOG EH XVHG WR HIIHFWLYHO\ GHVFULEH WKHPHFKDQLFDO EHKDYLRU LQ DUPFKDLU DQG
]LJ]DJVKHHWVUHVSHFWLYHO\
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GLIIHUHQW ORDGLQJ FRQGLWLRQV :KHQ QP  (T  LV GHJHQHUDWHG LQWR (,E .ș XQGHU SXUH
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QP ,Q WKH XQLWHG DWRP DSSUR[LPDWLRQ WKH PHWK\O JURXSV &+ DUH UHSUHVHQWHG E\ D VLQJOH
³DWRP´DQGWKHHIIHFWRIWKHK\GURJHQDWRPVRQWKHSRO\PHU¶VFRQILJXUDWLRQLVDFFRXQWHGIRULQ
WKH SRWHQWLDOV :DKHHG  6KHSKHUG  =KDR HW DO  7KH SDUDPHWHUV RI WKH
KDUPRQLFSRWHQWLDOVDUH.E .FDOPROc.ș .FDOPROE cș 7KH/-SDLU
SRWHQWLDO VHH VHFWLRQZLWK .FDOPRO DQGı c LV DGRSWHG :DKHHG
6KHSKHUG=KDRHWDO








*3DRI FU\VWDOOLQH3( LQ RXU SUHYLRXVZRUN =KDR HW DO  7KH GLVWULEXWLRQ RI WKH
EHQGLQJPRPHQW UDWLRV EHWZHHQ WKH XQLWHGDWRP DQG )(PRGHOV IRU(,E .ș DQG(,E .ș






0RUHRYHU RQH KDV WR EH WDNHQ ZKHQ WKH EHDP PRGHO LV HPSOR\HG IRU WKH FU\VWDOOLQH RU




ODUJHGHIRUPDWLRQXQGHUXQLD[LDO WHQVLRQDQGSXUHEHQGLQJ VHH)LJE LIRQHXVHVDVDPH
FRQVWDQW(,E .ș 
'HVSLWH RI WKH GLIIHUHQFH EHWZHHQ WKH 660 DQG WKH EHDPPRGHO LW LV QRW FOHDU \HW ZKLFK
PRGHOLVEHWWHUVXLWDEOHWRSUHGLFWWKHHODVWLFSURSHUWLHVRIFDUERQQDQRWXEHVDQGJUDSKHQHVKHHWV
7KHUHIRUHZH FDUULHG RXW DGGLWLRQDO0' VLPXODWLRQZLWK WKH$,5(%2 SRWHQWLDO 3OLPSWRQ
ZKLFK LV FRPPRQO\ XVHG WR REWDLQ WKHPHFKDQLFDO SURSHUWLHV RI JUDSKHQH QDQRULEERQV
=KDRHWDOD














)LJ  VKRZV WKH HODVWLF SURSHUWLHV RI WKH GLIIHUHQW PRGHOV &$ &+ DQG &)( DUH WKH
VWUHWFKLQJVWLIIQHVVWKHEHQGLQJVWLIIQHVVRIDWRWDOQDQRULEERQRIWKH$,5(%2WKHKDUPRQLF
DQG WKH )( UHVXOWV UHVSHFWLYHO\ DQG '$ '+ DQG ')( DUH WKH EHQGLQJ VWLIIQHVV LQSODQH
EHQGLQJ VWLIIQHVV RI HDFK QDQRULEERQ RI WKH $,5(%2 WKH KDUPRQLF DQG WKH )( UHVXOWV
UHVSHFWLYHO\)RUDOOWKH)(UHVXOWVZHXVHG(,E .ș0RGHOLQJHDFKQDQRULEERQDVDEHDP




  J WHQVLRQ& < 8 9 H  XQGHUXQLD[LDOWHQVLRQ
   EHQGLQJ' 8 9 T XQGHUSXUHEHQGLQJ





)URP(T  DQG (T  WKH VWLIIQHVVHV& DQG' IRU GLIIHUHQW/: FDQ EH REWDLQHG E\
ILWWLQJWKHGDWDLQ)LJDQG)LJLQZKLFKWKHGDWDLQWKHUDQJHRIaWHQVLOHVWUDLQ
DQGaGHJUHHVRIEHQGLQJDQJOH DUHXVHG LQ WKH ILWWLQJSURFHGXUH)LJ  VKRZV WKDW WKH
YDOXHV RI &+&$ DUH DERXW a DQG a LQ GLIIHUHQW ZLGWK ]LJ]DJ DQG DUPFKDLU
JUDSKHQH QDQRULEERQV 7KH YDOXHV RI&)(&$ DERXW a DQG a LQ ]LJ]DJ DQG
DUPFKDLUQDQRULEERQVDUHVLPLODUWRWKRVHRI&+&$
8QGHUSXUHEHQGLQJFRQGLWLRQ'+'$IURPaDQG')('$IURPaDUH
DOPRVW LGHQWLFDO LQ WKH ILQLWH ZLGWK ]LJ]DJ QDQRULEERQV H[FHSW IRU /:  '+'$ 
')('$ $OOYDOXHVRI'+'$DQG')('$DUHYHU\FORVHWRWKHYDOXHVRI&+&$DQG
&)(&$EHVLGHV WKH YDOXH RI')('$DW /: ZKLFK LV D OLWWOH ORZHU ,Q RWKHUZRUGV WKH
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%%6 LQ WKH ]LJ]DJ QDQRULEERQV LV LQVHQVLWLYH WR GLIIHUHQW ORDGLQJPRGHV H[FHSW IRU WKH XOWUD
QDUURZQDQRULEERQZLWK/: $VLPLODUSKHQRPHQRQFDQEHREVHUYHGIURP)LJ
)RUWKHDUPFKDLUQDQRULEERQVWKHUHVXOWVRI'+'$aDQG')('$aDUH
PXFK KLJKHU DQG ORZHU WKDQ WKRVH RI &+&$ a DQG &)(&$ a ZLWK
LQFUHDVLQJ/: UHVSHFWLYHO\+HQFH WKH660RYHUHVWLPDWHV WKHYDOXHVZKLOH WKHEHDPPRGHO
XQGHUHVWLPDWHVWKHYDOXHV7KHUHIRUHZHVXJJHVWWRFKRRVHWKHDYHUDJHYDOXHEHWZHHQWKH660




:H H[WHQVLYH VWXGLHG WKH GLIIHUHQFH EHWZHHQ WKH VWLFNVSLUDO DQG EHDPPRGHOV LQ WKH ILQLWH
ZLGWK DUPFKDLU DQG ]LJ]DJ JUDSKHQH QDQRULEERQV DQG WKH VLQJOH 3( FKDLQ%DVHG RQ WKH WRWDO
HQHUJ\HTXLOLEULXPLQWKHWZRPRGHOVWKHFORVHGIRUPH[SUHVVLRQVRIWKH%%6DUHGHULYHGXQGHU
XQLIRUPWHQVLRQSXUHVKHDUSXUHEHQGLQJORDGLQJIRUFHFRXSOLQJIRUFHDQGEHQGLQJFRQGLWLRQV
%\ FRPSDULVRQV RI WKH WZR PRGHOV ZH IRXQG WKDW WKH %%6 RI WKH EHDP PRGHO VWURQJO\
GHSHQGVRQ WKH ORDGLQJPRGHV LQQDUURZJUDSKHQHQDQRULEERQV%DVHGRQ WKH0'VLPXODWLRQV
ZLWKKDUPRQLFSRWHQWLDOVDQG)(UHVXOWVWKH%%6(,E .șRIWKHEHDPPRGHOFDQEHXVHGWR
GHVFULEHWKHHODVWLFSURSHUWLHVZHOOXQGHUXQLD[LDOWHQVLRQRUSXUHVKHDU8QGHUSXUHEHQGLQJRU
FRXSOLQJ WHQVLOHEHQGLQJPRGHV WKH%%6 GHSHQGV RQ WKHZLGWK DQG FKLUDOLW\ RI WKH JUDSKHQH
QDQRULEERQV :KHQ WKH ZLGWK RI WKH DUPFKDLU JUDSKHQH VKHHWV EHFRPHV VPDOO HQRXJK
(,E .șFDQEHXVHGWRGHVFULEHWKHEHQGLQJEHKDYLRUHIIHFWLYHO\XQGHUSXUHEHQGLQJ:LWK
LQFUHDVLQJZLGWK.ș(,E.șDQG.ș(,EVKRXOGEHXVHGWRPRGHOWKHPHFKDQLFDO
EHKDYLRU LQ WKH DUPFKDLU DQG WKH ]LJ]DJ VKHHWV UHVSHFWLYHO\ )RU D VLQJOH 3( FKDLQ VLPLODU
SKHQRPHQDFDQEHIRXQGLQZKLFK.ș(,E.șXQGHUGLIIHUHQWORDGLQJFRQGLWLRQV
:HDOVRIRXQGWKDWWKHGLIIHUHQFHRIWKHVWLFNVSLUDODQGWKHEHDPPRGHOVH[LVWVDQGWKH\DUH




GLIIHUHQFH FDQ H[FHHG  LQ GLIIHUHQW ORDGLQJ PRGHV ZKLOH WKH GLIIHUHQFH LV FRPSOHWHO\
FRQFHDOHGLQKLJKHUZLGWKQDQRULEERQV
7KHUHIRUH WKH EHDP PRGHO VKRXOG EH XVHG FDUHIXOO\ WR PRGHO FU\VWDOOLQH SRO\PHUV DQG
ELRPDWHULDOV LQYLHZRIYDQGHU:DDOV DQGFRXORPELQWHUDFWLRQVEHWZHHQDQ\ WZRFKDLQV ,W LV
SRVVLEOHWRREWDLQPRUHSURQRXQFHGGLIIHUHQFHEHWZHHQWKH0'UHVXOWVZLWKKDUPRQLFSRWHQWLDOV
DQG)(UHVXOWVLQODUJHGHIRUPDWLRQXQGHUXQLD[LDOWHQVLRQDQGSXUHEHQGLQJLIRQHXVHVWKHVDPH













&KDQJ 7 *DR +  6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI D VLQJOHZDOOHG FDUERQ QDQRWXEH YLD DPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV




&KDQJ7 $PROHFXODU EDVHG DQLVRWURSLF VKHOOPRGHO IRU VLQJOHZDOOHG FDUERQ QDQRWXEHV -0HFK 3K\V
6ROLGV








+DJHPDQ -&/0HLHU 5- +HLQHPDQQ0 *URRW 5$  <RXQJ¶V PRGXOXV RI FU\VWDOOLQH SRO\HWK\OHQH
IURPDELQLWLRPROHFXODUG\QDPLFV0DFURPROHFXOHV
+H;4.LWLSRUQFKDL 6 /LHZ.0 %XFNOLQJ DQDO\VLV RIPXOWLZDOOHG FDUERQ QDQRWXEHV D FRQWLQXXP
PRGHODFFRXQWLQJIRUYDQGHU:DDOVLQWHUDFWLRQ-0HFK3K\V6ROLGV
+H ;4 .LWLSRUQFKDL 6 :DQJ &0 /LHZ .0 0RGHOLQJ RI YDQ GHU:DDOV IRUFH IRU LQILQLWHVLPDO
GHIRUPDWLRQRIPXOWLZDOOHGFDUERQQDQRWXEHVWUHDWHGDVF\OLQGULFDOVKHOOV,QW-6ROLGV6WUXFWa
+HUQDQGH](*R]H&%HUQLHU 35XELR$ (ODVWLF SURSHUWLHV RI& DQG%[&\1] FRPSRVLWH QDQRWXEHV
3K\V5HY/HWW




-LDQJ -:DQJ -6/L%<RXQJ¶VPRGXOXVRI JUDSKHQH DPROHFXODU G\QDPLFV VWXG\3K\V5HY%







.ROPRJRURY$1&UHVSL9+ 6FKOHLHU6PLWK0+(OOHQERJHQ -& 1DQRWXEH6XEVWUDWH ,QWHUDFWLRQV
'LVWLQJXLVKLQJ&DUERQ1DQRWXEHVE\WKH+HOLFDO$QJOH3K\V5HY/HWW

























9DFFDULQL / *R]H & +HQUDUG / +HUQDQGH] ( %HUQLHU 3 5XELR $  0HFKDQLFDO DQG HOHFWURQLF
SURSHUWLHVRIFDUERQDQGERURQQLWULGHQDQRWXEHV&DUERQ






:DQJ&<=KDQJ<<:DQJ&07DQ9%& %XFNOLQJRI FDUERQQDQRWXEHV$OLWHUDWXUH VXUYH\ -
1DQRVFL1DQRWHFK
:X -+ZDQJ.&+XDQJ<$QDWRPLVWLFEDVHG ILQLWHGHIRUPDWLRQVKHOO WKHRU\ IRU VLQJOHZDOOFDUERQ
QDQRWXEHV-0HFK3K\V6ROLGV












































SRO\PHUV DUH VFUXWLQL]HGXVLQJPROHFXODUG\QDPLFV VLPXODWLRQV$ZLGH UDQJHFKDLQ OHQJWKRI
DONDQHLVWHVWHGXQGHUWHQVLRQDQGVKHDUZLWKYDULRXVWHPSHUDWXUHV:HILQGWKDWWKHEURNHQUDWH
WKHEURNHQERQGQXPEHUWRDOOSRO\PHUFKDLQQXPEHUUDWLRVXQGHUWHQVLRQDQGVKHDULQFUHDVHV
ZLWK LQFUHDVLQJ FKDLQ OHQJWK DQG WHPSHUDWXUH )RU D JLYHQ FKDLQ OHQJWK DQG WHPSHUDWXUH WKH
EURNHQUDWHVXQGHUVKHDUDUHDOZD\VKLJKHUWKDQWKRVHXQGHUWHQVLRQDWDVDPHODUJHVWUDLQ)RUD
JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVH ZLWK LQFUHDVLQJ WHPSHUDWXUH :H




$PRUSKRXV SRO\PHUV DUH RQH RI WKHPRVW IXQGDPHQWDO SRO\PHUPROHFXODU VKDSHV WKDW KDYH
ZLGHO\ EHHQ LQYHVWLJDWHG E\ PDQ\ UHVHDUFKHUV GXH WR WKH LPSRUWDQW SK\VLFDO DQG FKHPLFDO
SURSHUWLHV%R\GHWDO3DQWHWDO*ODVVIRUPLQJSRO\PHUV77J7JLVWKHJODVV
WUDQVLWLRQ WHPSHUDWXUH DUH RI JUHDW LQGXVWULDO LPSRUWDQFH DQG VFLHQWLILF LQWHUHVW 7KHLU XQLTXH
PHFKDQLFDO SURSHUWLHV DULVH IURP WKH FRQQHFWLYLW\ DQG UDQGRPZDONOLNH VWUXFWXUH RI WKH
FRQVWLWXHQW FKDLQV 6KHSKHUG $W YHU\ VPDOO VWUDLQV WKH UHVSRQVH LV HODVWLF$W VOLJKWO\
ODUJHU VWUDLQV \LHOGLQJ RFFXUV ZKHQ LQWHUPROHFXODU EDUULHUV WR VHJPHQWDO UHDUUDQJHPHQWV DUH
RYHUFRPH)ROORZLQJ\LHOG WKHPDWHULDOPD\H[KLELWVWUDLQVRIWHQLQJDUHGXFWLRQLQVWUHVV WRD
OHYHOFRUUHVSRQGLQJWRSODVWLFIORZ$WKLJKHUVWUDLQVWKHVWUHVVLQFUHDVHVDVWKHFKDLQPROHFXOHV
RULHQW LQ D SURFHVV NQRZQ DV VWUDLQ KDUGHQLQJ 6WUDLQ KDUGHQLQJ VXSSUHVVHV VWUDLQ ORFDOL]DWLRQ
FUD]LQJ QHFNLQJ VKHDU EDQGLQJ DQG LV FULWLFDO LQ GHWHUPLQLQJ PDWHULDO SURSHUWLHV VXFK DV
WRXJKQHVVDQGZHDUUHVLVWDQFH+R\HWDO+R\HWDO,QWKHRWKHUKDQGWKH\LHOG






HW DO D =KDR HW DO E =KDR HW DO  EDVHG RQ XQLWHGDWRP 8$ DQG FRDUVH
JUDLQHG&*PROHFXODUG\QDPLFV0'VLPXODWLRQV6LQFHWKH8$DQG&*SRWHQWLDOVOLPLWDWLRQV
WKH HIIHFW RI WKH &/ DQG WHPSHUDWXUH RQ WKH IDLOXUH EHKDYLRU LV QRW XQGHUVWRRG ZHOO \HW
(VSHFLDOO\ WKH IDLOXUH EHKDYLRU XQGHU VKHDU KDV EHHQ VFDUFHO\ UHSRUWHG LQ SUHYLRXV ZRUN
7KHUHIRUHXQGHUVWDQGLQJWKHPROHFXODURULJLQVRIPDFURVFRSLFIUDFWXUHEHKDYLRUVXFKDVIUDFWXUH
HQHUJ\LVDIXQGDPHQWDOVFLHQWLILFFKDOOHQJH+R\HWDO
,Q WKLV SDSHU WKH WHQVLOH DQG VKHDU IDLOXUH EHKDYLRU GHSHQGHQFH RQ &/ DQG WHPSHUDWXUH LQ
OLQHDUSRO\PHUVDUH VFUXWLQL]HGXVLQJ0'VLPXODWLRQV$ZLGH UDQJHFKDLQ OHQJWKRIDONDQH LV




)DXORQZKLFKXWLOL]HV WKH IDFHFHQWHUHGFXELF IFFGLDPRQGVWUXFWXUHDVD WHPSODWH WR
FDUERQEDFNERQHVRIHQWDQJOHGSRO\PHUV7KHGHWDLOHGSURFHVVZDVGHWDLOHGO\GHVFULEHG LQRXU
SUHYLRXVZRUN .UHPHU DQG*UHVW 7KH WRWDO QXPEHU RI EHDGV LQ WKH LQLWLDO VWUXFWXUH LV
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
ZKHUH N  DQG 5  WR JXDUDQWHH D FHUWDLQ VWLIIQHVV RI WKH ERQGV ZKLOH DYRLGLQJ KLJK
IUHTXHQF\PRGHV ZKLFKZRXOG UHTXLUH D UDWKHU VPDOO WLPH VWHS IRU WKH LQWHJUDWLRQ DQG FKDLQ
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(DFK JHQHUDWHG LQLWLDO WKUHHGLPHQVLRQDO VWUXFWXUH LV DQQHDOHG IRU î VWHSV XQWLO WKH
SUHVVXUH DQG HQHUJ\ RI WKH V\VWHP LV VWDEOH NHHSLQJ ERWK WKH WHPSHUDWXUH 7 İNE DQG WKH
SUHVVXUH3  WKH WLPH VWHS GW  LQ WKH137 HQVHPEOH FRQWUROOHG E\ WKH1RVH+RRYHU¶V
WKHUPRVWDW 1RVH7KHQ WKH V\VWHP LV FRROHGGRZQ WREH WKHJLYHQ WHPSHUDWXUHE\ WKH
VDPH137 HQVHPEOHDQG WKHGHQVLW\RI WKH V\VWHP LVPRQLWRUHGZKLOH FRROLQJ VWHSZLVHDW DQ
HIIHFWLYHUDWHRIîVWHSV7KHV\VWHPLVWKHQNHSWDWWKHFRQVWDQWWHPSHUDWXUHWKHJLYHQ
WHPSHUDWXUHIRUîVWHSVLQWKHVDPH137HQVHPEOH7KHREWDLQHGVWUXFWXUHVDUHVXEMHFWHGWR
WKH XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ DQG SHUIRUPHG WR REWDLQ VWUHVV±VWUDLQ UHVSRQVH ZLWK
GLIIHUHQW &/ DQG WHPSHUDWXUH LQ WKH QRQHTXLOLEULXP 0' VLPXODWLRQV &DSDOGL HW DO 





DQG7 7KH W\SLFDO SURFHVV HODVWLF \LHOGLQJ VRIWHQLQJDQGKDUGHQLQJ LVGLVSOD\HG LQ)LJ




WKHGHQVLW\DQGHQWDQJOHPHQWRIVKRUW&/LV ORZHU WKDQ WKRVHRI ORQJHUFKDLQZKLFKUHVXOWV LQ
WKDW WKH ERQG QXPEHU SHU XQLW YROXPH LQ VKRUW &/ LV ORZHU WKDQ WKRVH LQ ORQJHU &/ 6R WKH
UHTXLUHGH[WHUQDOZRUNIRUWKHVKRUWHU&/LVORZHUWKDQWKDWIRUWKHORQJHU&/7KDWLVWRVD\WKH
VWLIIQHVVRI WKHVKRUWHU&/LV ORZHUWKDQWKDWRIORQJHU&/6LQFHWKHGHQVLW\DOPRVW WHQGVWRD
FRQVWDQWZKHQ&/=KDRHWDODWKHHIIHFWLVQRWHYLGHQWLQWKHUDQJHRI&/)LJ
 VKRZV ERQG EURNHQ UDWH WKH QXPEHU RI EURNHQ ERQG  WKH QXPEHU RI WRWDO FKDLQV ZLWK













ZLWK LQFUHDVLQJ VWUDLQ E\ FRPSDULVRQ ZLWK )LJ  DQG )LJ  $IWHU VWUDLQ! WKH VWUHVV
GHFUHDVHVDQGWKHQXPEHURIWKHWRWDOEURNHQERQGVWHQGVWRDFRQVWDQW)LJVKRZVWKHVWUHVV
VWUDLQFXUYHVDQGEURNHQ UDWH IRU&/ ZLWKGLIIHUHQW WHPSHUDWXUH7KHVWUHVVGHFUHDVHVDQG
WKH EURNHQ UDWH LQFUHDVHV ZLWK LQFUHDVLQJ WHPSHUDWXUH IRU VDPH VWUDLQ )RU KLJK WHPSHUDWXUH
7 DQGWKHQXPEHURIEURNHQERQGDOZD\VLQFUHDVHVZLWKLQFUHDVLQJVWUDLQHYHQLIWKH
VWUDLQ LV KLJKHU WKDQ  7KH SRVVLEOH UHDVRQ LV WKDW WKH WHPSHUDWXUH LV KLJKHU WKDQ WKH JODVV
WUDQVLWLRQ WHPSHUDWXUH7J  KHUHZKHQ7 DQG LQZKLFK WKHFUHHSDQGKLJKHODVWLF
SURSHUW\ LV PRUH HYLGHQW LQ WKH KLJK WHPSHUDWXUH DQG WKH \LHOG SRLQW GLVDSSHDUV 7R LQWHUSUHW
WKHVH0'VLPXODWLRQVDQGREWDLQLQVLJKWLQWRWKHGLIIHUHQFHLQIUDFWXUHEHKDYLRURIGLIIHUHQW&/
DQG WHPSHUDWXUH ZH SORW WKH DWRPLF VWUDLQ GLVWULEXWLRQ LQ WKH GHIRUPHG FRQILJXUDWLRQ RI WKH
SRO\PHUPRGHOV LQ)LJDQG)LJ7KHXOWLPDWHIUDFWXUHVWUDLQ LQFUHDVHVZLWK LQFUHDVLQJ
WHPSHUDWXUH LQ)LJ ZKLFKJLYHV D JRRGH[SODQDWLRQRI WKH DERYHDQDO\VLV ,Q)LJ  QR
YRLGRUDWRPLFVWUDLQFRQFHQWUDWLRQIRU&/ FDQEHIRXQGHYHQDWVWUDLQ ZKLFKYDOLGDWHV






















WKH IUDFWXUH EHKDYLRU LV GRPLQDWHG E\ WKH FRPSHWLWLRQ EHWZHHQ WKH FKDLQ VOLSSLQJ DQG ERQG
EURNHQPHFKDQLVPV LQZKLFK WKHERQGEURNHQPHFKDQLVP LQFUHDVHVZLWK LQFUHDVLQJ&/VLQFH
WKH HQWDQJOHPHQW GHQVLW\ LQFUHDVHV ZLWK LQFUHDVLQJ &/ )RU YHU\ ORQJ &/ WKH ERQG EURNHQ



















RI)LJ6LPLODU WR WHQVLRQ WKHVKHDUEURNHQUDWHDOVR LQFUHDVHVZLWK LQFUHDVLQJ&/8QOLNH
WHQVLRQ WKH EURNH UDWH DOZD\V LQFUHDVHV ZLWK LQFUHDVLQJ VKHDU VWUDLQ HYHQ VWUDLQ! )LJ 
VKRZV WKH UDWLR RI WHQVLOH EURNHQ UDWH WR VKHDU EURNHQ UDWH ZLWK GLIIHUHQW VWUDLQ 7KH UDWLR LV
DOZD\VVPDOOHUWKDQ,QRWKHUZRUGVIRUDJLYHQFKDLQOHQJWKDQGWHPSHUDWXUHWKHEURNHQUDWHV
XQGHU VKHDU DUH DOZD\V KLJKHU WKDQ WKRVH XQGHU WHQVLRQ IRU D VDPH ODUJH VWUDLQ 7KH SRVVLEOH
UHDVRQ LV WKDW WKH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\ GRPLQDWH WKH IRUZDUG VWDJH RI WKH
IUDFWXUHEHKDYLRUXQGHUVKHDUZKLOHWKHFRXSOLQJVOLSSLQJDQGEURNHQPHFKDQLVPVGHWHUPLQHWKH























)LJ  VKRZV WKH VKHDU VWUHVVVWUDLQ FXUYHV DQG EURNHQ UDWH IRU &/  ZLWK GLIIHUHQW
WHPSHUDWXUH 7KH VKHDU VWUHVV GHFUHDVHVZLWK LQFUHDVLQJ WHPSHUDWXUH IRU VDPH VWUDLQ )RU KLJK
WHPSHUDWXUH7 DQGQRHYLGHQW\LHOGSRLQWFDQEHDOVRVHHQLQ)LJDZKLFKLVVDPH
ZLWKWHQVLRQ7KHGLIIHUHQFHRIVKHDUEURNHQUDWHIRUGLIIHUHQWWHPSHUDWXUHLVQRWODUJHDV7
7R IXUWKHU XQGHUVWDQG WKH UHVSRQVH ZH SORW WKH DWRPLF VWUDLQ DORQJ WKH VKHDU GLUHFWLRQ














PHFKDQLVP LQFUHDVHV ZLWK LQFUHDVLQJ &/ VLQFH WKH HQWDQJOHPHQW GHQVLW\ LQFUHDVHV ZLWK
LQFUHDVLQJ&/ )RU YHU\ ORQJ&/ WKH ERQG EURNHQPHFKDQLVPPDLQO\ GRPLQDWHV WKH IUDFWXUH
EHKDYLRU8QGHUVKHDUWKHDWRPLFVWUDLQFRQFHQWUDWLRQLQFUHDVHVZLWKLQFUHDVLQJ&/IRUDJLYHQ
WHPSHUDWXUH7KHVKHDUEURNHQUDWHLVDOZD\VKLJKHUWKDQWKDWXQGHUWHQVLRQIRUVDPH&/LQWKH
VDPH ODUJH VWUDLQ 7KH SRVVLEOH UHDVRQ LV WKDW WKH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\
GRPLQDWHWKHIRUZDUGVWDJHRIWKHIUDFWXUHEHKDYLRUXQGHUVKHDUZKLOHWKHFRXSOLQJVOLSSLQJDQG
EURNHQPHFKDQLVPV GHWHUPLQH WKH IUDFWXUH EHKDYLRU XQGHU XQLD[LDO WHQVLRQ 7KH UF  RI /-
154 
 
SRWHQWLDO LVKLJKHUWKDQWKHEURNHQGLVWDQFHRIUEURNHQ VHHVHFWLRQZKLFKOHDGVWR WKH
KLJKHUXOWLPDWHIUDFWXUHVWUDLQWKDWLVWKHVWUXFWXUHLVEURNHQDVWZRSDUWVXQGHUVKHDU
&RQFOXGLQJUHPDUNV
,Q VXPPDU\ WKH WHQVLOH DQG VKHDU IDLOXUH EHKDYLRU GHSHQGHQFH RQ FKDLQ OHQJWK DQG





ODUJH VWUDLQ )RU D JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVHZLWK LQFUHDVLQJ




GRPLQDWHV WKH IUDFWXUH EHKDYLRU 7KH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\ GRPLQDWH WKH
IRUZDUG VWDJH RI WKH IUDFWXUH EHKDYLRU XQGHU VKHDU 7KH UF  RI /- SRWHQWLDO LV KLJKHU WKDQ




& %HQQHPDQQ: 3DXO . %LQGHU0ROHFXODUG\QDPLFV VLPXODWLRQV RI WKH WKHUPDO JODVV WUDQVLWLRQ LQ SRO\PHU
PHOWVĮUHOD[DWLRQEHKDYLRU3K\V5HY(
















































7KH LQIOXHQFH RI SRO\PHU ZUDSSHG WZR QHLJKERXULQJ VLQJOHZDOOHG QDQRWXEHV
 6:17V
GLVSHUVLRQRQ WKHLU ORDG WUDQVIHU LV LQYHVWLJDWHGE\PROHFXODUG\QDPLFV0'VLPXODWLRQV7KH
LQIOXHQFH RI WKH 6:17V
 SRVLWLRQ WKH SRO\PHU FKDLQ OHQJWK DQG WKH WHPSHUDWXUH RQ WKH
LQWHUDFWLRQIRUFHEHWZHHQWKHWZRQHLJKERXULQJ6:17VLVV\VWHPDWLFDOO\VWXGLHG7KHUHDUHIRXU
PDLQILQGLQJVIURPRXUVLPXODWLRQV 7KHGLVSHUVLRQDQJOHGRPLQDWHV WKHDPSOLWXGHDQG WKH
LQWHUDFWLRQIRUFHHYROXWLRQZLWKRUZLWKRXWSRO\PHUGXULQJWKHSXOOLQJSURFHVVRIWZR6:17V
7KH FKDLQ OHQJWK GRHVQ
W DIIHFW WKH WZR 6:17V
 LQWHUDFWLRQ IRUFH ZLWKLQ D VKRUW VHSDUDWLRQ
GLVWDQFH WKHVRFDOOHG)RUFHHQKDQFLQJSRLQW7KHHQKDQFHGORDGHIIHFWRI WKHSRO\PHUWDNHV
SODFH DIWHU WKH ORDG GLVSODFHPHQW JRHV DFURVV WKLV SRLQW  7KH WHPSHUDWXUH KDV D PLQRU
LQIOXHQFH RQ WKH PD[LPXP SXOO IRUFH ZKLOH WKH LQFUHDVHG WHPSHUDWXUH JUHDWO\ GHFUHDVHV WKH
SXOORXW HQHUJ\ %DVHG RQ WKH GHWDLOHG DQDO\VLV RI WKH VHSDUDWLRQ SURFHVV WKH VHOIUHSDLULQJ




GHFDGHVDJR WKH&17EDVHGSRO\PHUQDQRFRPSRVLWHVKDYHEHHQUHFHLYHGJUHDW LQWHUHVWGXH WR
WKH HQKDQFHPHQW LQPHFKDQLFDO 6HQ HW DO  WKHUPDO &ODQF\ DQG*DWHV  RSWLFDO
.\PDNLVDQG$PDUDWXQJDHOHFWULFDODQGPDJQHWLFSURSHUWLHV6DQGOHUHWDOZLWK
UHVSHFW WR QHDW SRO\PHU .RPDUQHQL  7KH\ DUH XVHG LQ WKH DHURVSDFH DQG DXWRPRWLYH
LQGXVWULHV %UHXHU DQG 6XQGDUDUDM  DV VHQVRUV .DVXPRY HW DO  DFWXDWRUV
%DXJKPDQDQGHOHFWURFKHPLFDOFDSDFLWRUVLQWKHHOHFWURQLFVLQGXVWU\1LXHWDO
                                                          
 7KH ZRUN ZDV GRQH E\ WKH FRRSHUDWLRQ ZLWK 'U <DQFKHQJ =KDQJ DQG SXEOLVKHG RQ &RPSRVLWH SDUW %






WKH FDUERQ QDQRVWUXFWXUHV DUH H[FHOOHQW FDQGLGDWHV IRU PXOWLIXQFWLRQDO WKHUPDO PDQDJHPHQW
QHWZRUN +RZHYHU WKH ZHDN YDQ GHU :DDOV LQWHUDFWLRQ FDQQRW UHOLDEO\ KROG WKH QDQRWXEHV
WRJHWKHU XQGHU WKHUPDO IOXFWXDWLRQV RU GXH WR HODVWLF GHIRUPDWLRQ RI WKH PDWHULDO OHDGLQJ WR
LQIHULRU PHFKDQLFDO VWDELOLW\ 2QH H[SHULPHQWDOO\ IHDVLEOH DSSURDFK LV WR ZUDS WKH FDUERQ
QDQRWXEH MXQFWLRQV XVLQJ SRO\PHU FKDLQV KDV EHHQ UHSRUWHG LQ OLWHUDWXUH 'DOWRQ HW DO 
=KDQJ HW DO  1HYHUWKHOHVV VRPH VLJQLILFDQW FKDOOHQJHV UHPDLQ LQ WKH GHVLJQ DQG
XQGHUVWDQGLQJ RI WKH QDQRVWUXFWXUH VXFK DV WKH GLVSHUVLRQ RI WKH&17VZLWKLQ WKH FRQVLGHUHG
SRO\PHU PDWUL[ =KHQJ HW DO  8QIRUWXQDWHO\ WKH LQVXIILFLHQW GLVSHUVDELOLW\ RI VLQJOH
ZDOOHGFDUERQQDQRWXEHV6:17VRFFXUV LQPRVWFRPPRQVROYHQWVGXH WR WKHYDQGHU:DDOV
DWWUDFWLRQ DPRQJ WXEHV /RFDOO\ FDUERQQDQRWXEHV WHQGV WR ELQG DQG IRUP HQHUJHWLFDOO\ VWDEOH








0ROHFXODU G\QDPLFV 0' VLPXODWLRQV KDYH EHHQ SHUIRUPHG WR VWXG\ WKH LQWHUIDFLDO












QRW EH XVHG WR VWXG\ WKH SHUIRUPDQFH RI QDQRVWUXFWXUHG MXQFWLRQV EHWZHHQ 6:17V ;X DQG
%XHKOHU ;X DQG %XHKOHU  KDYH VWXGLHG WKH WZR 6:17V LQWHUDFWLRQ ZLWK DQG ZLWKRXW
SRO\PHUZKLFKVKRZVWKHZUDSSHGSRO\PHUFKDLQFDQHQKDQFHWKHELQGLQJUDQJHFRPSDUHGWR
WKHEDUH MXQFWLRQ SXUH6:17V IRU WZRSDUDOOHO6:17V7KHPDLQ DLPRI WKLV UHVHDUFK LV WR
VWXG\ WKHGLVSHUVLRQ HIIHFWV RQ WKH ORDG WUDQVIHURI WZRSULVWLQH6:17VZLWKRXW DQGZLWK ORZ
GHQVLW\SRO\PHUZUDSSLQJLQWKHDEVHQFHRIKHDWWUDQVIHU7KHSDSHULVVWUXFWXUHDVIROORZVILUVW
ZH ZLOO LQWURGXFH WKH GHWDLOV RI WKH 0' VLPXODWLRQ ZKLFK LQFOXGHV WKH IRUFH ILHOG DQG
DUUDQJHPHQWVRIWKHSRO\PHUDQG6:17V7KHQZHZLOOH[SODLQWKHHTXLOLEULXPDQGVHSDUDWLRQ






6:17 ZLWK DQG ZLWKRXW SRO\PHU ZUDSSLQJ $OO 0' VLPXODWLRQV ZHUH SHUIRUPHG ZLWK
/$0036 3OLPSWRQ  7KH SRO\PHU PDWUL[ FRQVLVWV RI 3( LV XVHG LQ D YDULHW\ RI
HQJLQHHULQJDSSOLFDWLRQV-LDQJHWDO7RUHGXFHWKHFRPSXWDWLRQDOFRVWWKHXQLWHGDWRP
8$DSSUR[LPDWLRQLVXWLOL]HG=KDRHWDO LQZKLFKWKHPHWK\OJURXSVDUHUHSUHVHQWHG
E\ D VLQJOH DWRP RU XQLW LH WKH &+PRQRPHU 7KH HIIHFW RI WKH K\GURJHQ DWRPV RQ WKH
SRO\PHUFRQILJXUDWLRQLVDFFRXQWHGIRULQWKHSUHVHQWSRWHQWLDOVZKLOHWKHPDVVLVLQFOXGHGLQWKH
PDVVRIWKHXQLWHGDWRP,QWKLVUHVHDUFKDWRWDOQXPEHURI8$PRQRPHUVLVNHSWFRQVWDQW
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 SRWHQWLDO IXQFWLRQ 7KLV SRWHQWLDO DOORZV IRU FRYDOHQW ERQG EUHDNLQJ DQG FUHDWLRQ ZLWK
DVVRFLDWHGFKDQJHVLQDWRPLFK\EULGL]DWLRQZLWKLQDFODVVLFDOSRWHQWLDO
,QWHUIDFLDOELQGLQJHQHUJ\EHWZHHQSRO\PHUDQG6:17V
7KH /HQQDUG-RQHV 3RWHQWLDO 9U  İıUíıİ LV DGRSWHG IRU FKDUDFWHUL]LQJ WKH
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$IWHU WKH SRO\HWK\OHQH FKDLQV DUH LQWURGXFHG FORVH WR WKH LQWHUIDFH WKH HTXLOLEULXP 0'
VLPXODWLRQVDUHLQLWLDOO\SHUIRUPHGDW.ZLWKWKH197HQVHPEOHRIîVWHSVǻW IV
7KHQH[WUHOD[DWLRQFRROVWKHVWUXFWXUHGRZQWRWKHGHVLUHGWHPSHUDWXUHDWDFRROLQJUDWHRI














7KH VHSDUDWLRQ SURFHVV LV SHUIRUPHG EHWZHHQ 6:17V ZLWK RU ZLWKRXW SRO\PHU ZUDSSLQJ
WKURXJK VWHHUHG PROHFXODU G\QDPLFV 60' :HL HW DO  -RUJHQVHQ HW DO 
%DQG\RSDGK\D\D HW DO  IRUPHFKDQLFDOO\ VHSDUDWLQJ WKH LQWHUIDFHZKLFK SHUPLWV RQH WR
HIILFLHQWO\H[WUDFWHTXLOLEULXPSURSHUWLHVPHDQIRUFHDQGWKHSRWHQWLDOVRIWKHPHDQIRUFHEXLOWLQ
/$0036 IURP QRQHTXLOLEULXP SURFHVVHV VXFK DV 60' VLPXODWLRQV 2QH 6:17 LV SXOOHG
DORQJWKHGLUHFWLRQSHUSHQGLFXODUWRWKHLQWHUIDFHE\WKHYLUWXDOVSULQJZLWKWKHFRQVWDQWYHORFLWLHV





7KH UHVXOWV VKRZ WKDW WKH SXOOLQJ YHORFLW\ RI QPSV LV DEOH WR FDSWXUH DOO WKH
FKDUDFWHULVWLFV RI WKH IRUFH HYROXWLRQ IRU WKH SXOOLQJ SURFHVV )LJ  VR WKLV YHORFLW\
QPSV LV DGRSWHG LQ WKH IROORZLQJ0' VLPXODWLRQV 7KH HODVWLF FRQVWDQW IRU WKH VSULQJ
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EHWZHHQ WKH FRQVWDQW WHWKHU SRLQW DQG WKHPDVV FHQWHU RI WKH6:17 LV N  N1P ;X DQG
%XHKOHU7KHIRUFHDSSOLHGWRWKHPDVVFHQWHURIWKH6:17E\WKHYLUWXDOVSULQJLV
       VSULQJ VSULQJ SXOO) W N [ W [ W  
















VXEVWDQWLDO YDQ GHU :DDOV DWWUDFWLRQ DPRQJ WXEHV GRPLQDWH WKH VHSDUDWLRQ ZLWKLQ D FHUWDLQ




]RQHSRVLWLRQRIYDOOH\ZLWK WKH LQFUHDVHGVHSDUDWLRQGLVWDQFH:LWK WKHIXUWKHU LQFUHDVHG
VHSDUDWLRQRQHFORVHFLUFOHIRUPVIRUWKHSRVLWLRQRISHDNDQGGRXEOHFORVHFLUFOHVDSSHDUDW
YDOOH\)RUWKHFRQWLQXLQJVHSDUDWLRQWKHWZRIRUPHGFORVHFLUFOHVVWDUWWRGHWDFKZKLFKZLOO
OHDG WR WKH ILQDO GHWDFKPHQW RI WKH SRO\PHUZUDSSHG 6:17V:H DOVR REVHUYH VHOIUHSDLULQJ
IURPWKUHHVQDSVKRWVLQWKHSRVLWLRQRIWKHLQLWLDOYDOOH\DQGYDOOH\FRQILJXUDWLRQVRQHFORVH










  EDUHMXQFWLRQ VHSDUDWHGE\
   VHSDUDWHGE\

'XULQJ WKHIDEULFDWLQJSURFHVVZLWKRXWXVLQJPHFKDQRFKHPLFDOGULYLQJ IRUFHV WKH&17VLQ
WKHSRO\PHUPDWUL[ WHQGV WR ORFDWHDW WKHSRVLWLRQZKHUH WKHHQHUJ\ LVPLQLPL]HG8VXDOO\ WKH
&17VORFDWHDWWKHEDODQFHSRVLWLRQZLWKWKHUHODWLYHGLVWDQFHZUDSSHGZLWKSRO\PHUFKDLQ
7R XQGHUVWDQG WKH GLVSHUVLRQ DQJOH HIIHFW RQ WKH 6:17 LQWHUDFWLRQ LQ QDQRFRPSRVLWH





E UHVSHFWLYHO\ 7KH UHODWLYH GLVSHUVLRQ DQJOH JUHDWO\ DIIHFWV WKH ORDG WUDQVIHU RI WKH EDUH
MXQFWLRQ RI  6:17V DV VKRZQ LQ )LJV D E$QJOHV EHORZ  GHJUHHV SURYLGH ODUJHU
IRUFHV DQGHQHUJLHV7KHUH LVDOPRVWQRGLIIHUHQFH LQ WKHVHYDOXHV IRUGLVSHUVLRQDQJOHVELJJHU





PRUH UHSXOVLYH IRUFH UDWKHU WKDQ DWWUDFWLRQ IRUFH'XH WR WKH QHJDWLYH IRUFH DW YDOOH\  DQG
YDOOH\ )LJF WKHFRUUHVSRQGLQJYDOOH\VDUH IRXQG LQ WKHSXOOHQHUJ\HYROXWLRQ LQ)LJ
G2QWKHFRQWUDU\IRUWKHLQFUHDVHGGLVSHUVLRQDQJOHVIURPWRGHJUHHVPRUHSRO\PHU
















7KH ODWHU HQKDQFHG IRUFH YLEUDWLRQV DUH DERYH ]HURZKLFK OHDGV WR D VPRRWKHU SXOO HQHUJ\
HYROXWLRQZKHQWKHGLVSHUVLRQDQJOHVDUHODUJHUWKDQGHJUHHV
&KDLQOHQJWKGHSHQGHQFH











   







7ZR W\SLFDO GLVSHUVLRQ DQJOHVRI DQGGHJUHHV IRUGLIIHUHQW FKDLQ OHQJWK DUHSUHVHQWHG DV
VKRZQLQ)LJ)RUWKHFDVHVRI]HURGLVSHUVLRQDQJOHVLWLVIRXQGWKDWWKHUHLVQRGLIIHUHQFH
IRU WKH WKUHHFKDLQ OHQJWKVZLWKLQ WKHVKRUW VHSDUDWLRQGLVWDQFHZKLFKPHDQV WKDW WKHQRERQG
167 
 
YDQ GHU:DDOV IRUFH GRPLQDWHV WKH DWWUDFWLRQ RI WKH WZR 6:17VZLWKLQ WKH VDPH QXPEHU RI
SRO\PHUPRQRPHUVLQWKHVL[6:17SRO\PHUV\VWHPV)RUWKHIXUWKHUVHSDUDWLRQWKHVXSHULRULW\
RIWKHORQJFKDLQDSSHDUVDQGWKHELQGLQJIRUFHLQFUHDVHVZLWKLQFUHDVLQJFKDLQOHQJWK7KHVDPH
SKHQRPHQRQ LV REVHUYHG WKH  GHJUHH DQJOH +HQFH WKH FKDLQ OHQJWK DIIHFWV WKH SXOO RXW
PHFKDQLFDOEHKDYLRUVOLJKWO\ZLWKLQDFHUWDLQVKRUWGLVWDQFHFRUUHVSRQGLQJWRWKHUHODWLYHSRVLWLRQ
RIWZR6:17VZKLOHWKHORQJFKDLQSRO\PHUVHQKDQFHWKHLQWHUDFWLRQELQGLQJRQFHWKHGLVWDQFH









7KH WHPSHUDWXUH LV RQH RI WKHPDLQ IDFWRUVZKLFKGHWHUPLQH ERWKPHFKDQLFDO DQG FKHPLFDO
SURSHUWLHVRIWKH&17SRO\PHUFRPSRVLWHHVSHFLDOO\IRUWKHDGKHVLRQDQGUHLQIRUFHPHQW:HL






   
   
3  60 0 
4   90 
5   90 










WKHPD[LPXPSXOO IRUFH7KLV REVHUYDWLRQ KROGV LQGHSHQGHQW RI WKH FKDLQ OHQJWK7KH KLJKHVW
YDOXHRI WKHPLQLPXPSXOOIRUFHWKHILUVWYDOOH\SRLQWLVREWDLQHGIRUDWHPSHUDWXUHRI.
GXH WR WKH LQDFWLYH PRYHPHQW RI WKH SRO\PHU PRQRPHUV DV OHVV PRQRPHUV FDQ HQWHU WKH
LQWHUDFWLRQ ]RQH GXULQJ WKH SXOOLQJ SURFHVV 7KH SXOO VWUHQJWK LV OHVV VHQVLWLYHZLWK UHVSHFW WR
WHPSHUDWXUHDQGFKDLQOHQJWKZKLFKDUHPDLQO\GHWHUPLQHGE\WKHLQWHUDFWLRQEHWZHHQWZREDUH
6:17V7KHSRO\PHUFKDLQVHQKDQFH WKHELQGLQJ MXQFWLRQ IRU WKH IXUWKHU VHSDUDWLRQZKHQ WKH
GLVWDQFH LV ODUJHU WKDQ WKHSRVLWLRQRI WKHPLQLPXPSXOOLQJ IRUFH7KHSXOOHQHUJ\GLVWULEXWLRQ
FOHDUO\VKRZVWKDWWKHILQDOVHSDUDWLRQLVKDUGWREHDFWLYDWHGDWORZWHPSHUDWXUHDQGWKHSURFHVV
LVPRUHGLIILFXOWIRUWKHLQFUHDVHGFKDLQOHQJWKDVVKRZQLQ)LJVHI1RWHWKDWWKHHQHUJ\







)LJ VKRZV WKH ILQDO SXOORXWHQHUJ\ IRUGLIIHUHQW WHPSHUDWXUHDW WKHRULHQWDWLRQDQJOHRI














WZR 6:17V LQWHUDFWLQJ ZKLFK SUHVHQWV WKH DELOLWLHV RI WKH ZUDSSHG VWUXFWXUH WR SUHYHQW WKH




FDQEHREWDLQHGE\VSOLWWLQJRQHFORVHFLUFOH WR WZRFORVHFLUFOHV LQRUGHU WRDUULYHDW WKHRWKHU
VWDEOHFRQILJXUDWLRQZKLFKDFWXDOO\OHDGVWRWKHSKHQRPHQDRIWKHPXOWLSHDNVDQGYDOOH\V7KH
VHOIUHSDLULQJ IXQFWLRQ LV XVHIXO IRU GHVLJQLQJ SKRQRQLF GHYLFHV DQG V\QWKHVL]LQJ IXQFWLRQDO
PDWHULDOZLWKVLPSOHSRO\PHUDQGSULVWLQH6:17
7KHUHODWLYHGLVSHUVLRQDQJOHJUHDWO\DIIHFWVWKHORDGWUDQVIHU7KHGLVSHUVLRQDQJOHVRIDQG
GHJUHHVJLYH WKH ODJHUSXOOLQJ IRUFHVDQGHQHUJLHVZKLOH WKHUHDUHDOPRVWQRGLIIHUHQFH IRU
WKHVHYDOXHVZKHQWKHGLVSHUVLRQDQJOHH[FHHGVGHJUHHV7KH\DUHPDLQO\GHWHUPLQHGE\WKH
LQWHUDFWLRQIDUHD ZLWKRXW RU ZLWK SRO\PHU FKDLQV )XUWKHUPRUH D VPRRWK SXOOLQJ HQHUJ\
HYROXWLRQ LV IRXQG ZKHQ WKH GLVSHUVLRQ DQJOHV DUH ODUJHU WKDQ  GHJUHHV 7KH FKDLQ OHQJWK






7KH WHPSHUDWXUH KDV D PLQRU LQIOXHQFH RQ WKH PD[LPXP SXOO IRUFH ZKLOH WKH LQFUHDVHG
WHPSHUDWXUHJUHDWO\GHFUHDVHVWKHSXOORXWHQHUJ\DVWKHSRO\PHUGHIRUPDWLRQLVHDVLO\DFWLYDWHG
DW KLJK WHPSHUDWXUH HVSHFLDOO\ IRU WKH ORQJFKDLQSRO\PHU7KH IXWXUHZRUNZLOO IRFXVRQ WKH





$ZDVWKL 3$/DJRXGDV'& DQG+DPPHUDQG'&0RGHOLQJ RI JUDSKHQHSRO\PHU LQWHUIDFLDOPHFKDQLFDO EHKDYLRU
XVLQJPROHFXODUG\QDPLFV0RGHOLQJ6LPXO0DWHU6FL(QJ
%DXJKPDQ5+&XL&;=DNKLGRY$$HWDO&DUERQ1DQRWXEH$FWXDWRUV6FLHQFH
%UHXHU26XQGDUDUDM8%LJUHWXUQV IURPVPDOO ILEHUV$ UHYLHZRISRO\PHUFDUERQQDQRWXEHFRPSRVLWHV3RO\P
&RPSRVLWH






HPSLULFDO ERQG RUGHU 5(%2 SRWHQWLDO HQHUJ\ H[SUHVVLRQ IRU K\GURFDUERQV - 3K\V &RQGHQV 0DWWHU

&DSDOGL )0%R\FH0&5XWOHGJH*&0ROHFXODU UHVSRQVH RI D JODVV\ SRO\PHU WR DFWLYH GHIRUPDWLRQ 3RO\PHU





&ODQF\ 7& *DWHV 760RGHOLQJ RI LQWHUIDFLDO PRGLILFDWLRQ HIIHFWV RQ WKHUPDO FRQGXFWLYLW\ RI FDUERQ QDQRWXEH
FRPSRVLWHV3RO\PHU
'UHVVHOKDXV 06 'UHVVHOKDXV * $YRXULV 3 &DUERQ 1DQRWXEHV V\QWKHVLV VWUXFWXUH SURSHUWLHV DQG DSSOLFDWLRQV
6SULQJHU1HZ<RUN
































6HQ5=KDR% 3HUHD' ,WNLV0(+X+/RYH -%HN\DURYD( DQG+DGGRQ5& 3UHSDUDWLRQ RI 6LQJOH:DOOHG




:HL &< 6ULYDVWDYD ' &KR . 7KHUPDO ([SDQVLRQ DQG 'LIIXVLRQ &RHIILFLHQWV RI &DUERQ 1DQRWXEH3RO\PHU
&RPSRVLWHV1DQR/HWW
:HL&<$GKHVLRQDQGUHLQIRUFHPHQWLQFDUERQQDQRWXEHSRO\PHUFRPSRVLWH$SSO3K\V/HWW
;X = %XHKOHU 0- 1DQRHQJLQHHULQJ KHDW WUDQVIHU SHUIRUPDQFH DW FDUERQ QDQRWXEH LQWHUIDFHV $&6 1DQR

=KDQJ <& %URHNKXLV $$ 6WXDUW 0&$ /DQGDOXFH 7) )DXVWL ' 5XGROI 3 3LFFKLRQL ) &URVV/LQNLQJ RI
0XOWLZDOOHG&DUERQ1DQRWXEHVZLWK3RO\PHULF$PLQHV0DFURPROHFXOHV
=KDR -+ 1DJDR 6 =KDQJ =O 7KHUPRPHFKDQLFDO SURSHUWLHV GHSHQGHQFH RQ FKDLQ OHQJWK LQ EXON SRO\HWK\OHQH
&RDUVHJUDLQHGPROHFXODUG\QDPLFVVLPXODWLRQV-0DWHU5HV
=KDR -+ *XR:/ =KDQJ =/ DQG 5DEF]XN 7 6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI FU\VWDOOLQH SRO\PHUV YLD D
PROHFXODUPHFKDQLFVPRGHO$SSO3K\V/HWW
=KDR < 'XDQ <; <XDQ / *XDQ ); 7KH GLVSHUVLRQ RI 6:&17V WUHDWHG E\ GLVSHUVLQJ DJHQWV LQ JODVV ILEHU
UHLQIRUFHGSRO\PHUFRPSRVLWHV&RPSRV6FL7HFKQRO















JUDSKHQH DQG VXEVWUDWHV DUH REWDLQHG WKURXJK FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV
LQWHUDFWLRQ EHWZHHQ WKHP 7KH GHSHQGHQFH RI WKH FRKHVLYH HQHUJ\ RQ WKHLU VL]H VSDFLQJ DQG
FURVVLQJ DQJOHV LV DQDO\]HG 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WKH QDQRWXEHV JUDSKHQH DQG
VXEVWUDWHV ZLWK PLQLPXP FRKHVLYH HQHUJ\ DUH DOVR SURYLGHG H[SOLFLWO\ &KHFNLQJ DJDLQVW IXOO






SRWHQWLDOHQHUJ\DW WKHHTXLOLEULXPGLVWDQFHEHWZHHQ WZR&17V LV ILWWHG+RZHYHU WKH VHFRQG




)XUWKHUPRUH WKHELQGLQJHQHUJ\EHWZHHQ WZRSDUDOOHO DQG WZRFURVVLQJVLQJOHZDOOHGDQG
PXOWLZDOOHG &17V LV REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV LQWHUDFWLRQ
EHWZHHQ WKHP7KHGHSHQGHQFHRI WKHELQGLQJHQHUJ\RQ WKHLUGLDPHWHUVQXPEHURIZDOOVDQG







DGRSWHG LQ WKHSRO\PHUFKDLQ([SOLFLW HTXDWLRQVDUHGHULYHG IURP WKH/HQQDUG-RQHVSRWHQWLDO
IXQFWLRQ IRU WKH YDQ GHU:DDOV IRUFH EHWZHHQ DQ\ WZR SRO\PHU FKDLQV %\ XVLQJ WKH GHULYHG
IRUPXODV WKHQLQHVL]HGHSHQGHQWHODVWLFFRQVWDQWVDUH LQYHVWLJDWHGV\VWHPDWLFDOO\7KHSUHVHQW
DQDO\WLFDO UHVXOWV DUH LQ UHDVRQDEOH DJUHHPHQW ZLWK WKRVH IURP SUHVHQW XQLWHGDWRP 0'
VLPXODWLRQV
,QSDUWLFXODUZHVKRZWKDWWKHWZRPROHFXODUPHFKDQLFVPRGHOVWKHVWLFNVSLUDODQGWKHEHDP
PRGHOV SUHGLFW FRQVLGHUDEO\ GLIIHUHQW PHFKDQLFDO SURSHUWLHV RI PDWHULDOV EDVHG RQ HQHUJ\
HTXLYDOHQFH 7KH GLIIHUHQFH EHWZHHQ WKH WZRPRGHOV LV LQGHSHQGHQW RI WKHPDWHULDOV VLQFH DOO
SDUDPHWHUVRI WKHEHDPPRGHODUHREWDLQHGIURPWKHKDUPRQLFSRWHQWLDOV:HGHPRQVWUDWHWKLV
GLIIHUHQFH IRU ILQLWH ZLGWK JUDSKHQH QDQRULEERQV DQG D VLQJOH SRO\HWK\OHQH FKDLQ FRPSDULQJ
UHVXOWVRI WKH0'VLPXODWLRQVZLWKKDUPRQLFSRWHQWLDOVDQGWKHILQLWHHOHPHQWPHWKRGZLWKWKH
EHDPPRGHO:HDOVRILQGWKDW WKHGLIIHUHQFHVWURQJO\GHSHQGVRQWKHORDGLQJPRGHVFKLUDOLW\
DQG ZLGWK RI WKH JUDSKHQH QDQRULEERQV DQG LW LQFUHDVHV ZLWK GHFUHDVLQJ ZLGWK RI WKH
QDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ7KHPD[LPXPGLIIHUHQFHRIWKHSUHGLFWHGPHFKDQLFDO
SURSHUWLHV XVLQJ WKH WZRPRGHOV FDQ H[FHHG LQ GLIIHUHQW ORDGLQJPRGHV&RPSDULQJ WKH
WZR PRGHOV ZLWK WKH 0' UHVXOWV RI $,5(%2 SRWHQWLDO ZH ILQG WKDW WKH VWLFNVSLUDO PRGHO
RYHUHVWLPDWHVDQGWKHEHDPPRGHOXQGHUHVWLPDWHVWKHPHFKDQLFDOSURSHUWLHVLQQDUURZDUPFKDLU
JUDSKHQHQDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ




WHQVLRQ DQG VKHDU LQFUHDVHV ZLWK LQFUHDVLQJ FKDLQ OHQJWK DQG WHPSHUDWXUH )RU D JLYHQ FKDLQ
OHQJWKDQGWHPSHUDWXUHWKHEURNHQUDWHVXQGHUVKHDUDUHDOZD\VKLJKHUWKDQWKRVHXQGHUWHQVLRQ
DW D VDPH ODUJH VWUDLQ )RU D JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVH ZLWK
LQFUHDVLQJ WHPSHUDWXUH:H SURSRVH WKUHH W\SLFDO IUDFWXUHPHFKDQLVPV WR HIIHFWLYHO\ HOXFLGDWH
WKHGXFWLOHIUDFWXUHUHVSRQVHEDVHGRQWKHSUHGRPLQDQFHRIFKDLQVFLVVLRQSURFHVV






 SRVLWLRQ WKH SRO\PHU FKDLQ OHQJWK DQG WKH WHPSHUDWXUH RQ WKH LQWHUDFWLRQ IRUFH
EHWZHHQWKHWZRQHLJKERXULQJ6:17VDUHV\VWHPDWLFDOO\VWXGLHG7KHUHDUHIRXUPDLQILQGLQJV
IURPRXUVLPXODWLRQV7KHGLVSHUVLRQDQJOHGRPLQDWHVWKHDPSOLWXGHDQGWKHLQWHUDFWLRQIRUFH




FDOOHG )RUFH HQKDQFLQJSRLQW7KHHQKDQFHG ORDGHIIHFW RI WKHSRO\PHU WDNHVSODFH DIWHU WKH
ORDG GLVSODFHPHQW JRHV DFURVV WKLV SRLQW  7KH WHPSHUDWXUH KDV D PLQRU LQIOXHQFH RQ WKH




7KH &* SRWHQWLDOV IRU PXOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V ZLOO EH GRQH VRRQ 7KH
PHFKDQLFDOSURSHUWLHVDQG WKHUPDOFRQGXFWLYLW\RI&17QHWZRUNVGHSHQGHQFHRQ&17OHQJWK
FURVVOLQN GHQVLW\ DQG WHPSHUDWXUH ZLOO EH GRQH E\0' VLPXODWLRQV LQ WKH UHFHQW IXWXUH 7KH
PHFKDQLFDO SURSHUWLHV DQG IDLOXUH EHKDYLRU DV ZHOO DV WKH WKHUPDO FRQGXFWLYLW\ RI DPRUSKRXV
SRO\PHUVGHSHQGHQFHRQFKDLQOHQJWKDQGFURVVOLQNGHQVLW\ZLOOEHGRQHE\0'VLPXODWLRQVLQ
WKH IXWXUH 7KH PHFKDQLFDO DQG WKHUPDO SURSHUWLHV RI &17 DQG JUDSKHQH EDVHG SRO\PHU
QDQRFRPSRVLWHV FRXOG EH GRQH LQ WKH IXWXUH 7KH TXDQWLWDWLYH IUDFWXUH EHKDYLRU RI DPRUSKRXV
SRO\PHUV FRXOG EH DFFRPSOLVKHG E\ IXOO DWRP 0' VLPXODWLRQV LQ WKH IXWXUH ZKLFK LV YHU\
LPSRUWDQWWRWKHVXEVHTXHQWILQLWHHOHPHQWPHWKRGPRGHOLQJWKHPDFURVFDOHIUDFWXUHEHKDYLRURI
WKHSRO\PHUV
)XUWKHUPRUH WKH PHFKDQLFDO DQG SK\VLFDO IXQFWLRQDO &17V ZLWK SRO\PHUV DUH D SRWHQWLDO
VWXG\ ILHOG LQ WKH IXWXUH 7KH PHFKDQLFDO DQG SK\VLFDO &17 UHLQIRUFHG SRO\PHUV FRPSRVLWHV
FRXOGEHDOVRGRQHLQWKHIXWXUHVLQFHWKH\DUHLPSRUWDQWSRWHQWLDODSSOLFDWLRQV




